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ABSTRACT
Zinc oxide (ZnO) based nanostructures represent an important class of gas sensor materials,
due to their high surface-to-volume ratio, significant surface band structure bending upon
gaseous analyte exposures, good mobility of charge carriers, and good structural stability
at elevated temperature. In this dissertation, based on ZnO nanowire array as a gas sensing
platform, rational decoration of electronic sensitizers, such as Au nanoparticles, and
semiconducting oxide, such as Fe2O3 nanoparticles, has been employed to boost its
electrical sensing performance. Specifically, the intermediate nitrate formations were
identified in the Au-ZnO hetero-interface region during the sensor exposure to the NO2
probe molecules. The surface local crater formation was revealed on ZnO nanowire
surfaces due to the nitrate formation associated with the Au nanoparticles. To improve the
thermal instability of Au nanoparticle and allow a higher operation temperature range, the
Fe2O3 was introduced as the support for Au nanoparticles. Such an Au-Fe2O3 hybrid
nanoparticle decoration has significantly increased the NO2 gas sensor response by 42
times. Meanwhile, the operating temperature of nanowire sensors was successfully
extended to 600 oC. Finally, to address the crosstalk among various gaseous analytes in the
nanosensor, a single bimodular sensor has been designed and demonstrated for smart
differentiation of multiple oxidative analytes by relating the resistance-metric mode to
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impedance-metric mode. The differentiative and correlated nature between these response
signals allows such a single sensor platform to differentiate these oxidative gases
accurately and robustly. Thus, the characteristic signature for the target analyte is
successfully extracted by incorporating the resistive response and frequency-dependent
dielectric response via Electrochemical Impedance Spectroscopy (EIS). Linear and nonlinear decision boundaries were subsequently established over a large gas-concentration
range from 2 ppm to 3 % through a combination of principal component analysis and
artificial neural network training. In addition to single analyte analysis, the on-board
interrogation is achieved towards gas mixture (e.g., NO and NO2) through correlation
between the electrical and electrochemical responses. Facilitated by a graphical method,
the detailed concentration of component gas could be quantified using the measured
responses of NOx mixture in the bimodular sensing on such a single nano-array sensor
platform.
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Chapter 1. Introduction
1.1. Solid State Gas Sensor
Fast industrialization, population growth and combustion of fossil fuels in the past few
decades has boosted tremendous demand for toxic gas monitoring including CO, NOx, SOx
along with various volatile organic compounds (VOCs).1 They contribute to the formation
of acid smog, acid rain, as well as the generation of tropospheric ozone due to the reaction
with VOCs in the presence of sunlight, causing health issues especially injuries in the
human respiratory system.2 Therefore, detection and monitoring of these toxic and
hazardous gaseous chemicals is required for environmental and health safety purposes.3-5
It is noted in most cases, these target toxic gas analytes are emitted in parts-per-million
(ppm) quantities in mixture streams while interfering the gaseous components pre-existent
in percent quantities.
To ensure environmental security and process energy efficiency, gas sensors are often
installed as a part of safety and control system in industrial processes, where the gas leak
or other toxic emissions are monitored to provide essential feedback to control system. For
instance, if leak is occurring, the gas detector could sound an alarm to operators or
automated control systems to shut down the reaction or evacuate the building. In addition
to the industrial process emission monitoring, another significant application in gas sensors
is automotive engine emission control. Due to more and more stringent environmental
standards, vehicular engine exhaust needs to be controlled in order to reduce air pollution
level to comply with the standards. Today most of gasoline or natural gas engines are
equipped with three-way catalysts (TWC) downstream to achieve exhaust aftertreatment,
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with at least one zirconia oxygen sensor (λ probe) installed for detection of the air-to-fuel
ratio (λ) as illustrated in Figure 1-1(a).6-8 Figure 1-1(b) depicts a typical design of the
zirconia oxygen sensor, where Y- or Ca-stabilized ZrO2 (YSZ or CSZ) is sandwiched by
sensing electrode and reference electrode with an output voltage determined by the oxygen
partial pressure between the electrodes.

Figure 1-1. (a) Schematic representation of the airpath in a micro combined heat and power
(mCHP) generation unit powered by natural gas fueled engine. (b) Detailed structure of the
zirconia oxygen sensor. 7-8
To date, the solid-state sensors are mainly fabricated with chemiresistors which are ideal
in size and power efficiency for gas monitoring.9-16 A typical solid-state gas sensor
comprises of a transducer and receptor for converting the chemical information into
another form of electronic feedback readable for computers, such as frequency shift,
current variation, or voltage change.17 Upon exposure to target gaseous analytes, the output
signal would be changed according to gas concentration.
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1.2. Gas Sensor Performance indicators
For typical chemical gas sensor, several parameters are employed to characterize the sensing
performance, including (1) response: value variation upon exposure to target gaseous analyte,
(2) sensitivity: the minimum value of target gases’ volume concentration to be detected, (3)
response time: the duration needed for response reaching a final stable or saturated value, (4)
recovery time: the duration needed for response return to initial value, (5) selectivity: capability
of gas sensors to identify a specific gas among a gas mixture and (6) lifetime: duration or
longevity of sensor device for normal operation.18
As one of the most significant parameters of gas sensor, tremendous effort has been made
to enhance the response or sensitivity of gas sensors. Using a n-type semiconductor gas sensor
as an example, the response is expressed in different forms as shown in the Equations 1-1~13:
𝑅=

𝑅X
𝑅P

(1 − 1)

𝑅=

𝑅X − 𝑅P
𝑅P

(1 − 2)

𝑅=

𝐼P − 𝐼X
𝐼X

(1 − 3)

where 𝐼P and 𝑅P are the current and resistance, respectively, when exposed to reference gas,
𝐼X and 𝑅X represent the current and resistance, respectively, in target gases.19
And the extensively accepted definition of sensitivity is derived from the slope of a response
fitted function. As demonstrated in Figure 1-2(a), the straight lines are the calibration curves
based on the experimental data which are fitted as:
𝑅 = 𝑚𝐶 + 𝑘

3

(1 − 4)

Where 𝑅 is response of gas sensor, 𝑚 is sensitivity coefficient, and 𝐶 is the corresponding
gas concentration. Selectivity (or specificity) is the capability for a gas sensor material to detect
the target gas without being affected by the presence of other interfering gases. Most gas sensor
materials are sensitive to a family of gases and very few sensors specific for only one gas.
Generally, the selectivity is often quantified by calculating the ratio of response towards target
analyte and response of other interfering gases:
𝑆=

𝑅Q
𝑅N

(1 − 5)

Where 𝑆 is selectivity of sensor device, 𝑅Q is sensor response towards target analyte, and 𝑅N
represents the sensor response to interfering gases.
Meanwhile, Response / Recovery time are typically defined as the time it takes for response
to reach a certain percentage of full-scale response upon exposure to target analyte. In most
cases, 90% of full-scale response is chosen as the standard. Figure 1-2(b) displays the
definition of the response and recovery time, where the response time is counted from initial
value to 90% of final value and recovery time is obtained from calculating time it takes to
return to 10% of full scale. The response time or recovery time is mainly dependent on speed
of gas diffusion into sensing layer or escaping from sensing layer. Besides, operating
temperature, flow rate may also affect the adsorption or desorption of gaseous analytes. In
practice, response/recovery times are crucial for gas sensors. The sensor devices with fast
response could provide alarm immediately and help evacuate operating personnel as fast as
possible.
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Figure 1-2. (a) The diagram showing relationship between response and gas concentration
where sensitivity is derived from the slope of response curve.20 (b) Diagram illustrating the
definition of the response and recovery time duration is a specific response cycle.21
For high-performance sensor applications, detection limit is another important standard for
evaluating sensing performance, which is defined as the minimum concentration of analyte gas
which can be detected by a sensor under operative conditions. And stability of the sensor
material refers to their capability to maintain its sensing properties repeatedly and even for
long durations. During their standard lifelong time, the decay of response should be maintained
within 5%.

1.3. Metal Oxide Nanostructure Gas Sensor
Ultrahigh surface area, low cost, and unique properties are the major merits for various
ceramic based nanomaterials such as metal oxide thin films and nanoparticles. These
nanomaterials have been used for fabricating efficient sensors that can be used in various
environmental, and process monitoring and control, including combustion and emissions,
petroleum refinery, and renewable energy technologies.22-23 These important applications stem
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from increasing concerns on the environmental safety, energy security and sustainability that
require effective chemical sensors to monitor various environmental situations such as analyte
concentration and speciation in real time.
It is known the surface (or interfacial) reactions play a critical role in gas adsorption and
sensing processes.24-25 To obtain better sensitivity or detection limit, sensing materials with
smaller size would be advantageous to ensure larger surface exposure or access to analytes. As
compared to the bulk materials, additional surface and active sites provided in nanomaterials
allow more access to chemical environmental exposure and result in higher sensitivity for
various gas sensors.16,

26-28

However, conventional random assemblies of particle-based

nanomaterials such as thick film or thin film are often unstable and tend to aggregate at high
temperature. The aggregation of active materials tends to reduce the accessible active sites,
leading to a decrease in their activities. Therefore, constructing ordered architectures by
growing nanostructures in a separated forest fashion such as the geometrically defined
nanostructure arrays (nanoarrays) could effectively address the stability issue.29-31 In fact,
nanoarrays have been widely studied in the past decades due to their excellent physical and
chemical properties associated with the enabling sensing functions, which continue to be the
forefront in sensor materials technology as a result of various needs mentioned earlier toward
system integration and utilization.32 As the material base, up to now, large-scale nanoarrays
have been successfully prepared using various physical and chemical methods and widely
applied in various types of chemical sensing and measurement devices.33-37 For example, metal
oxide arrays of nanostructures either in one-dimensional (1D) or in two-dimensional (2D)
morphologies, could provide various merits for gas sensing applications, ranging from
mitigation of aggregation38-39, facilitation over electron transfer,40-41 and stabling over sensing
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performance.42-43 In addition, the unique array structure enables the subtle control of their
density of active sites and tailored materials composition, size and morphology. With additives
of catalytic nanoparticles or piezo-responsive components, the nanoarray based sensors could
display excellent sensitivity, self-sufficient capability, as well as multiple sensing modes.44-47
In the past couple of decades, many different array based sensing nanomaterials have been
studied, including carbon nanotubes (CNTs),26, 48-50 metal oxide nanowire (e.g., ZnO,51 TiO2,52
CuO,53 Ga2O3,16 and Fe2O354), silicon nanowire,55 III-V or II-VI based hetero-structures,56 as
well as the hybrid nanostructures using multiple structures.57 These nanoarray based gas
sensing materials can promote sensing performance significantly.

1.4. ZnO Nanostructure based Gas Sensor Materials
Amongst the metal oxide nanomaterials, ZnO nanostructures are good candidates to
construct sensor devices due to their ease in access to high surface area58, significant surface
band structure bending upon gas exposure59, and good carrier mobilities.1, 12, 60-63 The synthesis
of ZnO thin films has been firstly synthesized as sensor devices from 1960s. In comparison to
bulk structure, novel electrical, mechanical, chemical, and optical properties are revealed with
reduced size in nanoscale.
ZnO is an important metal oxide semiconductor with a direct band gap (Eg=3.4 eV) and a
large exciton binding energy (60 meV). Wurtzite is the most stable form of ZnO under ambient
conditions thermodynamically, which has a hexagonally close-packing crystal structure (space
group C6mc) as displayed in Figure 1-3. The crystal structure of ZnO can be described as
alternating planes composed of tetrahedrally coordinated O2- anions and Zn2+ cations, stacking
along the c-axis. It is also worth pointing out that ZnO could be produced in a large scale with
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morphology and structure-controlled synthesis procedures. Classified according to
morphology, the ZnO nanostructure can vary from nanorods, nanotubes, nanoneedles,
nanodisks, nanocomb, and nanohelixes by adjusting preparation methods and associated
synthetic parameters.

Figure 1-3. The wurtzite structure model of ZnO showing the tetrahedral coordination of ZnO arrangement.3

When applied as gas sensing materials, there are two basic functions for sensing procedure:
receptor functions and transducer functions.64 Receptor function includes the recognition of
chemical substance via electrical signals. As the tetrahedrally coordinated atomic planes are
repeated along the c-axis, a dipole moment exhibited the Madelung energy diverges at these
surfaces. Thus, additional positive or negative charges are required to stabilize these polar
surfaces. Such a stabilization mechanism may promote gas sensing properties of ZnO.65 On
the other hand, the transducer function depends on the interaction of analyte gas and ZnO
nanostructure. ZnO is an n-type semiconductor with electrons as current carriers. The
adsorption of oxidative gases may increase the thickness of charge depletion layer while the
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depletion layer is shrunk upon exposure to reducing gases. The variation of conductivity may
be revealed as changed current when applied with a constant external bias.

1.5. Gas Sensor Arrays
Sensor arrays, which are often called electronic nose, provide selective sensing based on a
diverse array of sensing responses extracted from multiple gas sensor devices. Such diverse
responses generally originate from different sensing materials or different electrode-sensing
materials interfaces interacting with target analytes. Thus, the selectivity is achieved by
providing a characteristic signature for a specific analyte derived from the diversified
sensitivities within the sensor array. In comparison to single sensor device, the merit of sensor
arrays lies in the complexity of device which adds new dimensions to the sensor responses.
Thus, the selectivity is significantly improved as each target gas analyte is labeled with a
signature response and the cross-sensitivity is mitigated in differentiating multiple gases. As
long as the characteristic signals are generated for a specific analyte, the signature for this
analyte can be obtained. The subsequent pattern recognition could be achieved by
mathematical multivariable analysis such as principal component analysis (PCA) and linear
discriminant analysis (LDA).
However, rational design of electrodes and electrical feedthroughs are required to combine
multiple sensor device or sensing materials into single chip. As demonstrated in Figure 1-4 is
a typical design of chemical-sensitive field effect transistors (CS-FETs) based sensor arrays,
where 3.5-nm-thin silicon channels were fabricated on the Si to transmit sensing signals.66
However, room temperature detection may typically suffer from effects such as slow recovery
and baseline drift upon gas exposure. Practically the operating temperature window is usually
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around 100 oC ~ 400 oC, for which localized microheaters are integrated with the CS-FET gas
sensors. These microheaters are immediately activated after gas exposure to assist in a quick
recovery and reduce the baseline drift. The increased complexity of structures and electrodes
in sensor arrays may significantly increase the malfunction risk and power consumption of the
whole system. In addition, the pattern recognition and subsequent data processing are lacking
the physical meanings based on the obtained dataset with random distinction.

Figure 1-4. Schematic illustrations and detailed images of sensor array chip: (a) Optical
microscope image of a single FET functionalized with a Pd-Au sensing layer integrated with
microheaters. (b) Schematic of a single-chip CS-FET array functionalized with different
selective sensing layers. (c) Detailed zoomed-in representation of a single CS-FET. (d) Crosssectional TEM image taken across the ultrathin silicon channel.66
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1.6. Multiple Sensing Modes
The research activity in the field of chemical and biological sensing is currently directed
towards highly sensitive and selective sensing materials, and to the new device structure design
that is capable of different working modes and allow subsequent pattern recognition and multicomponent analysis.67 Based on the detectable signals, the sensing modes applied in a gas
sensor could be categorized into a few different modes, such as resistance-metric, impedancemetric, capacitance-metric, potentiometric, surface acoustic wave (SAW), light irradiation
mode that may include some optical modes as well as photo-assisted modes, and
piezoelectrical mode. As the most extensively adopted sensing mode, resistive-type sensing
measures inherent resistance that can be modulated by the chemisorption or absence of analytes.
A typical chemo-resistive device would include a sensing material component and the
interdigitated electrodes, as shown in Figure 1-5(a).68 Upon wavelength–controlled light
irradiation, the resistive-type sensor performance could be enhanced due to the increased
concentration of free electrons or holes upon irradiation. The potentiometric gas sensing is
another typical mode which measures the potential difference upon gas exposure where a solid
electrolyte provides the varied electromotive force across the reference electrodes and sensing
electrodes, as illustrated in Figure 1-5(b). In Figure 1-5(c), a typical fabrication route is
depicted of the impedance-metric sensor. The ionic transport through the electrolyte occurs
with charge transfer across grain boundaries. Under varying electrical field frequencies, some
of the process may contribute to the characteristic impedance response. Finally, a typical SAWbased gas sensor design is illustrated in Figure 1-5(d), if the sensor material absorbs gas
molecules from the surrounding environment, the boundary conditions for the propagation of
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surface acoustic waves will be changed accordingly, while the velocity and attenuation of the
wave undergo a consequent change.69
In the past decades, many sensors have been developed for monitoring various household
environment and industrial process. Among them, resistor-type and solid electrolyte based
potentiometric gas sensors have been extensively studied for high temperature environment.
High-temperature sensors for in situ and real-time environment monitoring are often based on
electronic, ionic, or mixed ionic-electronic conductors. Pure ionic conductors are used in
potentiometric, mixed-potential or ampere-metric sensors, but electronic and mixed (ionic–
electronic) conductors are used in resistor-type sensors.
Shown in Figures 1-5(a) and 1-5(c) earlier are the typical structures of resistor-type metaloxide gas sensors used at high temperature including the interdigitated electrode chips and the
tubular structure.70 In the resistor-type sensors, the surface adsorption and desorption of the
target gases on the sensing materials are normally detected through the induced surface and
bulk electronic or electronic-ionic transport property changes. The most commonly used
semiconductor metal oxides include SnO2, TiO2, and ZnO, which could handle the temperature
range up to 800 oC. Recently, the emerging semiconductor metal oxides including CeO2, Ga2O3,
NiO, LaFeO3, SrFeO3, SrTiO3 have promised as new resistor-type sensor materials potentially
useful in a higher temperature region of 700-1200 oC.71-78

However, with most of them being

sensitive to the reducing gases including H2, CO, HC, CH4 etc., the cross-sensitivity is an issue
leading to the selectivity problems. Recently, mesoporous metal oxide catalytic filters using
Ga2O3, SiO2 and AlVO4 have been studied and suggested to be an efficient window to screen
out the non-specific bindings for better gaseous specificity.70, 72, 79-81
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Figure 1-5. (a) Typical structures of resistor-type gas sensors with interdigitated electrode.68
(b) Schematic illustration of planar potentiometric gas sensor. (c) Schematic illustration of
tubular YSZ impedance-metric sensor.82 (d) The Rayleigh SAW sensor excited by interdigital
transducers, where displacements are parallel and perpendicular to the substrate surface.69

1.7. Dissertation Motivation and Objectives
As the first step and the foundation, single sensor has been usually targeted to measure
individual analytes through identifying parameters or components either in the form of
chemical signatures, or in the form of physical information. However, they usually suffer from
the cross-sensitivities and thus poor selectivity in multi-component gas mixture sensing due to
their not-so-distinct ability to respond to a broad spectrum of oxidative or reducing analytes.83
Thus with such resistive sensors, quantitative measurements and unequivocal determination of
mixed gaseous analytes face a great challenge for their adoption in many applications.84-86
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To enhance the sensitivity towards the target analyte and improve the selectivity, assembly
of different nanostructure components in a hierarchical structure has been a significant strategy.
By combining different nanomaterials, a diverse array of heterostructure configurations have
been enabled, such as core-shell nanoparticles,87-88 semiconductor heterostructures,89-91 metalsemiconductor Schottky nanocontacts, etc..92 Such heterogeneous structures can display
unique functions that could be utilized in optics, electronics, catalysts and sensors.12, 60-63
Compared to the individual nanocomponents, inter-component synergies could be achieved
and provide superior properties and functions.64
Lately, to add the functional complexity allowed toward the goal of smart sensing, multiple
sensing modes have been purposely integrated together in order to provide a multi-analyte
measurement capability or to obtain multi-facet or distributed measurement of a single analyte.
Meanwhile, much work has been carried out by researchers at the microscale and has since
progressed to the level of nanoscale, molecular level, and even atomic scale. Indeed, the
opportunities presented by the potential incorporation of multiple functions synergistically into
a miniaturized space would also include the addition of other novel merits such as light weight,
ease for system integration, as well as the improvement over structure, function, and
programmability in general.93-96
Thus, the objective of this dissertation research is to design, synthesize, develop, and
understand ZnO nanowire array based gas sensors with high-performance. The dissertation
work has been focused on the rationally synthesize and assemble hierarchical ZnO
nanostructure, investigation of synergistic sensing behavior and mechanism, development and
understanding of multiple sensing modes applied in single nanoarray sensor. Specifically, this
dissertation work is composed of the following five tasks to:
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1) Develop a facile microwave-assisted continuous hydrothermal method to manufacture
uniform 1D ZnO nanowire arrays for high-performance gas sensors.
2) Investigate the sensing mechanism with Au nanoparticles decoration and study the
nitrates formation and Au migration during NO2 sensing.
3) Elucidate the synergistic effect of Au/Fe2O3 nanoparticles supported on ZnO nanowire
arrays for ultrahigh response towards NO2.
4) Develop the multiple mode gas sensor to differentiate multiple gaseous analytes with
PCA and artificial neural networks.
5) Look into co-adsorption condition in gas mixture sensing and develop a facile method
to quantify gas mixture with dual sensing modes.
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Chapter 2. Experimental and Characterization Methods
In this chapter, various experimental and characterization methodologies are introduced
associated with this dissertation work. In brief, the synthetic strategy of nanowire arrays onto
various substrates is microwave assisted continuous flow hydrothermal method. Before the
formal synthesis procedure, we adopted RF magnetron sputtering system to deposit a thin layer
ZnO seed to facilitate nanostructure growth. Additionally, scanning electron microscope (SEM)
and transmission electron microscope (TEM) have been employed to characterize structure
and morphology of as-prepared ZnO nanowire arrays. Energy Dispersive X-Ray (EDX),
Raman Spectroscopy, X-ray photoelectron spectroscopy (XPS) are harnessed to analyze the
chemical composition and bonding states. Specifically, in situ TEM is significant in
investigating the structural or morphology evolution during gas adsorption process. The
detailed elaboration of the methods used above is presented in the following subsections.

2.1. Synthetic Experiment set-up
In this dissertation, radio-frequency (RF) magnetron sputtering and hydrothermal synthesis
are the two major technique for scalable synthesis of ZnO nanowire arrays. Before the formal
growth of ZnO nanowire arrays, a thin seed layer needs to be deposited via RF magnetron
sputtering method. The Zn Acetate Dihydrate and Hexamethylenetetramine (HMT) were used
as the precursors in ZnO synthesis. Iron (III) Chloride (FeCl3) and Iron (II) Chloride
tetrahydrate (FeCl2·4H2O) were the precursors in Fe2O3 nanoparticles synthesis.
Tetrachloroauric acid trihydrate (HAuCl4·3H2O) was employed for Au nanoparticles’
synthesis and Glutathione (GSH) was utilized to stabilize the Au nanoparticles.

16

2.1.1. Precursor, Substrate, and Sputtering Target Chemicals
1). Zinc Acetate dihydrate (Zn (CH3COOH)2·2H2O, 99.9998%): zinc salt of acetate acid with
molecular weight 219.51, which was purchased from Aldrich Sigma. Both the hydrate and the
anhydrous forms are colorless solids. It is used as the precursor in ZnO synthesis process.
2). Hexamethylenetetramine (HMT, C6H12N4, >99.0%): white crystalline compound, also
known as hexamine or urotropine, with molecular weight 140.19. HMT is utilized as the
structure directing and assembling agent in controllable synthesis of ZnO architectures. And
the concentration of HMT plays a critical role in producing ZnO with different morphologies.
3). Tetrachloroauric acid trihydrate (HAuCl4·3H2O): Orange yellow solids consisting of the
planar [AuCl4]- anion. It is ordered from Fisher Inc. and used as the precursor in Au
nanoparticle synthesis.
4). Sodium Borohydride (NaBH4): White solid in powder format. It is ordered from Fisher Inc.
and employed as the reducing agent to reduce the achloroauric acid into metallic Au.
5). Iron (III) Chloride (FeCl3): crystalline solid and purchased from Fluka. It is used as
precursor in synthesis of iron oxide nanoparticles.
6) Iron (II) Chloride tetrahydrate (FeCl2·4H2O): Greenish paramagnetic solid and purchased
from Fisher Inc. It is employed as precursor in synthesis of iron oxide nanoparticles.
7) Glutathione (GSH, C10H17N3O6S): an antioxidant and ordered from Sigma-Aldrich. It is
used for surface passivation of Au nanoparticles via coating glutathione ligands.
8) Silicon (Si): substrate (boron doped, p-type, 100 mm in diameters, 500 µm in thickness, predoped with 1 mm SiO2, single side polished). It is purchased from University Wafer.
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2.1.2. Microwave-assisted Continuous Flow Hydrothermal Synthesis (CFHS)
Developing a facile, efficient and environmentally friendly synthetic strategies for
functional nanomaterials is of great significance for broadening and improving their potential
applications. Among the various methodologies developed in past few decades. Hydrothermal
synthesis is of great significance due to its low cost, low energy consumption, and fast synthetic
velocity. Hydrothermal synthesis is a promising technique of crystallizing materials from hightemperature aqueous solutions at high vapor pressures. To control the morphology of the
materials to be synthesized, either low-pressure or high-pressure conditions can be used
depending on the vapor pressure in the reaction.
Under the microwave irradiation, the particles of materials can generate polarization such
as electron polarization, orientation polarization, and space charge polarization. In comparison
with traditional external heating methods. Microwave heating could provide rapid and uniform
volumetric heating without heating conduction process. Thus, microwave-assisted
hydrothermal method could significantly shorten the preparation time and improve the
uniformity of as-prepared ZnO nanostructure.

2.1.3. Radio-Frequency Magnetron Sputtering
The radio-frequency magnetron sputtering is extensively applied in preparation of
nanostructures where high-energy inert gas ions are incident on the target material to eject, or
sputter atoms on the substrate in high pressure. As illustrated in schematic Figure 2-1, two
electrodes are installed in sputtering system where one electrode is the target material and the
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other is the substrate. Depending on the type of target materials, sputtering is subdivided into
direct current (DC) and radio frequency (RF). As with DC sputtering, RF sputtering applied
an energetic wave through inert gas in a vacuum chamber, where the target material is
bombarded by these stimulated high energy ions. Specifically, RF mode uses magnets behind
the negative cathode to grab electron to guide the charged target material to deposit\\\\ on the
bottom substrate.

Figure 2-1. Schematic diagram displaying the essential components of a typical magnetron
sputtering system.97

2.2. Structural Characterization
In this dissertation, various essential techniques are employed to study structure and
morphology of ZnO nanomaterials. Generally, the structure and morphology of ZnO
nanostructure are characterized by SEM and TEM. To provide the evidence of successful
loading of Au, EDX and high-resolution TEM were applied to study the distribution of
elements. Additionally, Raman spectroscopy and in situ diffuse reflectance infrared Fourier
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transform spectroscopy (DRIFTS) were employed to investigate the adsorption of gases on
ZnO. The major strategies are illustrated in details as follows.

2.2.1. Scanning Electron Microscope (SEM)
SEM is one type of electron microscope and frequently applied to detect the morphology of
materials via scanning it with a focused beam of electrons. As illustrated in Figure 2-2, the
emitted second electron (SE) and back-scattered electrons (BSE) are the two common types of
feedback signals used to characterize the surface of nanomaterials.
The backscattered electron (BSE) originates from a broad region within the interaction
volume, as a result of elastic collisions of electrons with atoms. Since the large atoms could
scatter more electrons than light atoms and higher signal is therefore produced on the screen.
The number of BSE scattered on the screen may help differentiate different phases, materials,
and thickness. In addition, BSE image can also offer us with valuable information on
topography, crystallinity, and the magnetic properties of sample materials.
On the contrary, the secondary electrons (SE) originate from the near surface regions of the
materials resulted from the inelastic interactions between the primary incident beam and
sample.98 The secondary electrons could carry valuable information reflecting the topography
of the sample’s surface.
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Figure 2-2. Schematic diagram showing primary incident electron beam and other types of
emitted electrons. Second electron are produced from a single scattering event such as direct
interaction between the incident electron beam and the specimen.99

2.2.2. Transmission Electron Microscope
Transmission Electron Microscope (TEM) is a highly efficient technique where the incident
electron beam is transmitted through a sample to form the images characterizing the crystalline
structure. In most cases, the specimen is often an ultrathin section with thickness less than 100
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nm. The structural features are provided based on the interactions between the electrons and
the atoms. Besides, TEM can be used to study the growth of layers, composition, and defects
in structure.
TEMs employ a high voltage electron gun to produce the electron beam and condenser
system to focus the beam onto the object. The source of electron (cathode) is heated with Vshaped tungsten filament. And the intensity and angular aperture of the beam could be
controlled by the condenser lens system between the gun and specimen. For images, the
contrast is formed based on the mode of operation. In the bright field mode, thicker area would
reveal darker image since more electrons are absorbed in this area. And the image may
showcases brighter wherever scattering happens in dark field mode.

2.2.3. In situ TEM
Since the conventional TEM images could only record the static images, in situ TEM has
been developed to study dynamic processes to track the dynamic changes, such as heating,
straining, and chemical adsorption processes. Additionally, the samples looked under TEMs
must be carefully fabricated to extremely thin thickness and should be restricted to the ultrahigh vacuum conditions present inside the TEM. And such static condition is not how materials
exist in natural status. In a typical in situ experiment, a controlled change is made to a
specimen’s environment and correlated changes in structure or morphology can be measured
simultaneously. Given sufficient data with corresponding structure or morphology evolution,
a quantitative understanding of fundamental physical or chemical process can be obtained.
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Numerous advantages are obtained in performing in situ TEM experiment, a single in situ
TEM experiment session could provide continuous view of a given process and reveal the
structural or morphology revolution versus external stimulus such as pressure, strain, or
temperature. Secondly, experiment can yield specific and detailed kinetic information for
motion of dislocation under known stress or growth rates of specific nanocrystals. Given the
unique information provided by in situ experiments, rational specimen design is required to
minimize the thin foil effects. Tests must be carried out on the basis of full understanding of
beam effects and applied stimulus calibration.

2.2.4. Electron Energy Loss Spectroscopy (EELS)
EELS is an extensively applied analytic technique based on measuring variation of kinetic
energy of electrons after interaction with a thin foil specimen. With the assistance of TEM
technique, EELS could be utilized to acquire structural and chemical information about the
specimen with a resolution up to atomic scale. When the incident electron beam interacts with
the atomic electron in specimen, the electron beam loses energy and it is bent through a small
angle. Thus, the energy distribution could reflect much valuable information about the local
environment of the atomic electrons based on their inelastically scattering.

2.2.5. X-ray Photoelectron Spectroscopy (XPS)
XPS is a powerful technique used to analyze the elemental composition and the chemical
state of solid surface. Using the X-ray as the energy source to excite electrons from the core
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levels of the atoms of the solid into the vacuum, where the irradiating X-ray has a constant
energy, ℎ𝜈 and the kinetic energy of photoelectron, 𝐸3 could be revealed as follows:
𝐸3 = ℎ𝜈 − 𝐸7 − 𝜙

2−1

Where 𝐸7 is a binding energy of electron to nucleus relative to the Fermi level and 𝜙 is the
work function of specimen. Here the 𝐸7 value could be employed to characterize the element
or its chemical bonding state. By plotting the number of photoelectrons as the function of
kinetic energy at a given constant photo energy. A typical XPS spectrum is acquired to
characterize the composition and bonding state.

2.2.6. Raman Spectroscopy
Raman spectroscopy is a non-destructive analytical technique relying on the Raman effect,
where incident beam excites molecules in specimen and molecules will reflect light in a
different wavelength. The reflecting light’s wavelength is characteristic for various chemical
components. Raman bands originates from a change in the polarizability of the molecule due
to the interaction of light and molecules. When light is scattered from a molecule most photons
are elastically scattered. The scattered photons have the same energy as the incident beams.
However, a small fraction of light is scattered at optical frequencies different from that of
incident beam and this phenomenon is called Raman effect. These observed Raman scattering
are resulted from specific molecular vibrations. When the energies of these transitions are
plotted as a spectrum, the characteristic Raman band could be used to identify the molecule.
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2.3. Gas sensing set-up
The high-performance gas sensing properties of ZnO nanowire arrays were tested by
recording the current, electrical potential, and impedance response of ZnO nanowire arrays
device towards target gas or gas mixture. The sensor holder was installed in a high-temperature
quartz reaction tube furnace and a pair of Ni/Cr alloy wire serve as the electrical feedthrough
(Figure 2-3). An electrochemical work station (CHI 660d) was employed to provide AC or
DC bias and record the feedback signals. The raw data was subsequently processed by
computer software including Origin, MATLAB, or EXCEL. The responses of nanorod sensor
to target gases were evaluated by measuring the magnitude of current, potential, and impedance
under a dynamic gas flow condition (high purity N2 or synthetic air as carrier gas). The
computer-controlled gas mixture generator (S-4000, Environics Inc., USA) used here is
controlling the flow rate and target gas concentration.

Figure
2-3. Gas sensor testing system set-up configuration.
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Chapter 3. Preparation of hierarchical ZnO nanostructures
In this chapter, the experimental strategies and characterization techniques employed in this
work are introduced. The integration strategy of ZnO nanoarrays onto various substrates is
microwave-assisted continuous flow hydrothermal method. The hydrothermal route, which
typically involves the use of chemical based aqueous solution for hydrolysis and precipitation
reactions, is a conventional wet chemical method to synthesize nanomaterials such as
nanoarrays immobilized on various shaped substrates such as two-dimensional (2D) planar and
three-dimensional (3D) honeycomb ones. Rather than the conventional electrically resistiveheating source, microwave irradiation was employed to provide a uniform heating profile. A
typical hydrothermal method can be laid out with two steps, seed deposition, and hydrothermal
growth. Sometimes deposition of seeds could facilitate the nucleation and growth of
nanoarrays on substrates. The formation of nanoarrays is usually affected by experimental
parameters such as pH value, concentration, temperature, and reaction time. The whole
synthetic process is illustrated in following schematic (Scheme 3-1).

Scheme 3-1. Schematic diagram illustrating the synthetic process of Au/ZnO and
Au/Fe2O3/ZnO nanowire arrays.
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3.1. Preparation of Si substrates
Firstly, Silicon substrates were cleaned by sonication in acetone solution for 5 minutes to
remove the surface grease and organic deposits, and then rinsed for another 10 minutes by
deionized (DI) water to remove remaining contaminants. After the rinsing, compressed N2 gas
was applied to purge residual water away from the substrate surface. The cleaned silicon plates
were then dried on the hot plate set up at 80 oC.
In the next step, the Si substrate was scored and cut into specific dimensions according to
the procedure as shown in Figure 3-1. As the first step, we put the substrates upside down and
use the diamond pen to cut a tiny notch on the back edge of the substrate. Then, we used two
flat-head tweezers by the opposite sides of the substrate adjacent to the notch. Pressing the two
flat-head tweezers concurrently with gentle force, of the Si substrate was cut into two parts
along the cleavage plane initiating from the notch point.

Figure 3-1. A schematic illustration of the cutting procedure of a Silicon substrate
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3.2. Deposition of ZnO seed layer
To facilitate the synthesis of ZnO nanostructure in hydrothermal synthesis procedure, a thin
layer of ZnO seeds was deposited on Si substrate first using a magnetron sputtering system.
The ZnO target plate was installed on the topper electrode in the sputtering system chamber,
which would then be closed and vacuumed down to a pressure of ~1×10-1 torr by turning on
the mechanical pump for 30 minutes. And then the turbomolecular pump was kicked on for
another 30 minutes to reduce the chamber pressure down to ~5×10-5 torr, an optimal
background pressure for materials deposition. In the next step, a controlled flow of argon was
introduced at a rate of 20 standard cubic centimeters per minute (sccm) to facilitate the material
deposition. In the strong electromagnetic field by applying the power, the Ar molecules will
be ionized and create plasma containing electrons and ions. During this process, the Ar
molecules may be ionized firstly and hit one another, creating a number of Ar+ and e-. Such
effect is called Avalanche effect. However, if the target material is semiconductor or insulator,
radio-frequency electron gun is needed due to the conductivity and surface charging issues
with the target materials. An alternating-current (AC) voltage will be applied on the top
electrode and keep the electrode at an appropriate potential, attracting Ar+ ions to bombard the
target and maintain the stable sputtering rate.
Since the turbomolecular pump and electron guns may produce heat during the sputtering
process, a water chilling system is used to maintain the optimal operating temperature. To
effectively avoid the backflow of lubricant oil in mechanical pump and turbomolecular pump,
the sequence of activation or deactivation of mechanical pump and turbomolecular pump is
strictly followed.
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3.3. Synthesis of ZnO via microwave-assisted hydrothermal method
In this dissertation work, the continuous flow hydrothermal synthesis strategy was applied
to synthesize 1D ZnO nanowire arrays for the purpose of enhancing the growth rate and
uniformity. An equal molar concentration of 10~50 mM in Zn (CH3COO)2·2H2O and HMT ()
was adopted as the precursor solution and stirred with a magnetic bar for 30 minutes until a
complete and homogenized dissolution. The Si substrate with ZnO seed layer was kept
suspended in the precursor solution contained in the reaction beaker, which was heated in a
laboratory microwave oven. Specifically, the schematic of microwave-assisted continuous
flow synthesis method is depicted in the Figure 3-1. Through adjusting the power of
microwave and working time duration, the temperature was kept stable at ~95 °C. Upon the
reacting temperature reached above 90 °C, the refreshed precursor solution was injected into
the bottom reactor and driven out from the top by a series of mechanic peristaltic pumps to
maintain the reagents’ concentration in the reactor. The flow rate was set at ~5 mL/min and
the overall precursor solution was kept at ~200 mL.

Figure 3-2. A schematic setup for the microwave-assisted continuous flow hydrothermal
synthesis of ZnO nanowire arrays on Si substrates. The refreshed precursor solution was
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injected into the reaction beaker with two mechanical pumps to keep solution level constant.
The injection velocity was set at 5 mL/min.
Inside the reaction beaker (Figure 3-2), the inlet tube was placed at the bottom of the beaker
and the outlet was placed in the top portion. The velocity of mechanical pump in the outlet side
is set a bit faster to help maintaining the solution level. And the substrate is attached with a
low-density floating substance (e.g., Teflon) to help keep the sample suspended in the
precursor solution. By doing this, deposition of ZnO nanoparticles formed in solutions could
be effectively avoided or mitigated. The continuous flow of injected precursor solution would
help keep the concentration of precursor constant to improve the uniformity of as-grown ZnO
nanowire arrays.

Figure 3-3. Schematic diagram showing the set-up inside the reaction beaker for the growth
of ZnO nanowire arrays on Si substrates.
During ZnO hydrothermal growth process, HMT served as the weak base to assist the
growth of ZnO. As HMT combined with water, ammonia is produced to provide hydroxyl ions
(OH-) for deprotonation in the solution, promoting the precipitation of ZnO nanorods. In
general, the Zn(OH)2 nanorods were firstly formed from the precursor reaction, and then
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dehydrated into individual ZnO nanorods. The entire reaction of the growth could be described
by the equations below:
E
𝑍𝑛(𝐶𝐻= 𝐶𝑂𝑂)@ + 4𝐻@ 𝑂 → 𝑍𝑛(𝑂𝐻)@(
C + 2𝐶𝐻= 𝐶𝑂𝑂𝐻 + 2𝐻
(
𝑍𝑛(𝑂𝐻)@(
C → 𝑍𝑛𝑂 + 2𝐻@ 𝑂 + 2𝑂𝐻

3−1
3−2

A typical SEM image of as-prepared ZnO nanowire arrays is shown in Figure 3-4(a), revealing
a hexagon-shape tip for each individual nanowire with an average diameter of ~100-300 nm.
The nanowires are of a height of ~5-6 µm (Figure 3-4(b)), with frequent junctions or overlaps
between adjacent nanowires, which could facilitate the charge transfer required during gas
sensing. The microstructure of ZnO nanorods is revealed in the TEM images shown in Figure
3-4(c). The inset high resolution TEM image reflects its good crystallinity and preferential
growth direction along [0001].

Figure 3-4. The typical SEM images of ZnO nanowire arrays from the (a) top view and (b) the
side view. (c) The TEM image showing single ZnO nanorod with a high resolution TEM lattice
image in the inset.
According to the growth mechanism, the size, morphology, and structure of grown ZnO
nanostructure are significantly dependent on the concentration of precursors. Higher
concentraiton ZnO acetate hydrate and HMT would accelerate nucleation of ZnO and
consequently the growth rate of ZnO. As displayed in Table 3-1, the morphology of nanowire
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is generally maintained in hexagonal cylinder shape with increasing precursor concentration.
The nanorods are usually very thin when the precursors’ concentration is below 25 mM while
the gap between nanorods nearly disappeared when the precursor reach 50 mM. And the
detailed size of as-prepared ZnO nanoarrays as well as its area ratio are summarized in Figure
3-5. Altough the increased precursor concentration would enhance the density of ZnO nanorod
arrays, the shrunk gap region would gradually block the access to surface active area of
nanorods in perspective of functional devices. An optimal precursor concentration in this work
was determined to be around 20 mM to 30 mM to optimize the ratio of surface area to volume.

Table 3-1. The morphologies of ZnO nanowire arrays synthesized with various precursor
concentrations (~10~60 mM) of Zinc Acetate Dihydrate and HMT.
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Figure 3-5. Histogram summarizing the (a) length and diagonal length, and (b) nanowire area
ratio of ZnO nanorod arrays.

3.4. Preparation of Au and Au/Fe2O3 nanoparticle
Glutathione and cysteamine-coated luminescent AuNPs were synthesized using a modified
method reported elsewhere.100 Briefly, a fresh aqueous solution of 400 µL containing 12.5 mM
glutathione and 12.5 mM cysteamine was added into a 200 µL of 25 mM HAuCl4 aqueous
solution. Because of the strong Au(I)-S interaction, the isolated ligands immediately reacted
with gold ions to form Au(I)-glutathione/cysteamine polymers, which decomposed into
AuNPs naturally coated by glutathione and cysteamine.
The Fe2O3 NPs were synthesized via a co-precipitation method by addition of a base into
a salt solution containing Fe2+ and Fe3+ to form magnetite (Fe3O4), followed by oxidative
conversion into γ-Fe2O3. The reaction steps for the synthesis of Fe2O3 NPs are listed below:
LMNOPQNLR

𝐹𝑒𝐶𝑙@ (1 𝑚𝑜𝑙) + 𝐹𝑒𝐶𝑙= (2 𝑚𝑜𝑙) → 𝐹𝑒= 𝑂C S⎯⎯⎯⎯⎯⎯U 𝛾 − 𝐹𝑒@ 𝑂=

3−3

As indicated by Equation 3-1, a molar ratio of Fe (II) to Fe (III) was maintained at 1:2 and a
pH was controlled at 11-12, which was critical to synthesize the Fe2O3 NPs of uniform size
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and composition. 0.85 mL of 12.1 M HCl and 25 mL of purified and deoxygenated water (17.8
MΩ, with N2 gas bubbling for 30 min) were mixed, with 5.2 g FeCl3 and 2.0 g FeCl2
successively dissolved in the solution with constant stirring. The resulting solution was added
dropwise into 250 mL of 1.5 M NaOH solution under vigorous stirring and then
instantaneously generating a black precipitate.
To form the Fe2O3/Au hybrid nanoparticles, the as-prepared Fe2O3 solution was firstly
diluted with deionized (D.I.) water and then add the Au solution with a full stirring for 2 days.
In the next step, the sample was purified by adding ethanol (EtOH) and the pH was adjusted
to 2 using 1M HCl. Then the precipitates were collected using a magnet and dispersed in D.I.
water. During this process, the prepared Fe2O3 NPs were initially coated with citrates, which
were then replaced by glutathione (GSH) as linkers between Fe2O3 NPs and Au NPs to form
the hybrid NPs. The thiol group of glutathione on the coated NPs bonds strongly with the Au
NPs, where the negatively charged carboxylic ends of the Au NPs can coordinate with the iron
oxide NPs surface (Figure 3-6).

Figure 3-6. TEM image of as-prepared Fe2O3 and Au/Fe2O3 hybrid nanoparticles
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3.5. Loading of Au and Au/Fe2O3 nanoparticles
To decorate the NPs of Au, Fe2O3 and Au/Fe2O3 hybrid, the respective colloidal solution was
diluted using methanol with a volumetric ratio of 1: 5 between colloidal solution and methanol.
A series of diluted solutions were prepared using 5 µL, 10 µL, 20 µL, 40 µL, and 80 µL original
colloidal solutions. For NPs decoration on ZnO nanowires, the ZnO nanowire rooted SiO2/Si
substrate was vertically submerged into the as-prepared colloidal solution to fully decorate the
nanowires with the NPs. The SiO2/Si substrate was slowly extracted from the solution after a
few seconds and dried horizontally at 65 °C on hotplate. This process was repeated for multiple
cycles until all the respective diluted solutions were consumed.
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Chapter 4. Nitrate Formation on Au-catalyzed ZnO Nanowire
Sensors for Selective NO2 Detection with Ultra-high Response
Noble metal decoration is known to endow a ‘spill-over’ like electronic effect while
interfacing with semiconducting sensor materials for improving their chemical detection, but
little has been revealed so far on the transient surface chemical exchange in the metalsemiconductor hetero-interface regions during the sensing process. In this study, a temperature
dependent surface nitrate formation process was identified in the Au decorated ZnO nanowire
NO2 sensor interface regions. The trace of Au nanoparticle migration were revealed associated
with the locally etched ZnO nanowire surfaces, as a result of a combination effect of strong
metal-support interaction under ambient condition and transient nitrate formation induced
interfacial material loss under NO2 atmosphere. The ambient ZnO encapsulation of Au
nanoparticles was destabilized by the transient nitrate formation during NO2 sensing, leading
to a dynamic migration of Au nanoparticles and evident agglomeration and multi-crystalline
nanoparticle formation at 500 oC. Such a unique interfacial chemical exchange process leads
to a giant NO2 sensing response of 4~15 times per ppm and detection limit of 8 ppb at 400 oC.
An excellent selectivity up to ~51000 was also observed towards NO2 in the presence of
interfering oxidative and reducing gases such as O2 and CO.
key words: ZnO nanowires, craters, Au nanoparticles, nitrates

4.1. Introduction
Hetero-interfaces such as metal-metal oxide interfaces have helped enable various important
functional materials and devices, drawing attentions in a wide array of disciplines including
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chemistry, physics, materials science, and electrical engineering. The interfacial interaction of
metal and metal oxide usually enables novel structural and functional characteristics that are
not present in the pristine metal oxides or metals. Metal decoration could affect an oxide’s
chemical and electronic properties, such as reactivity, conductivity, and energy-level alignment.
For example, MoO3 becomes semi-metallic with a lower work function when contact with
metal, as a result of the charge transfer from the metal Fermi Level into MoO3’s low-lying
conduction band leading to the reduction of MoO3.101 And the systematic studies on atomic
dispersed Pd/TiO2 catalyst reveal that the Ti(III)-O-Pd interface facilitate the activation of O2
into superoxide (O2-), thus resulted in the highest CO turn-over efficiency among ever-reported
TiO2 based catalysts and enhanced catalysis in the extreme working condition.102 In addition,
pristine metals or metal oxides for CO2 hydrogenation usually bind CO2 weakly and thus show
a low catalytic activity. With the decoration of Cu and Au, ceria exhibits an excellent catalytic
activity for the CO2 to methanol conversion, due to the strong metal-support interactions
between ceria and Cu or Au. Such an electronic interaction effect is reported to modify the
electronic characteristics of the admetals and make them active for the sorption of CO2 and its
transformation into methanol.103
Zinc oxide nanostructures are a promising class of catalytic and sensing material due to their
ease in access to high surface area,58 significant surface band structure bending upon gas
exposure,59 and good carrier mobilities.1 Meanwhile, incorporation of Au as sensitizers can
enhance surface reactivity in ZnO nanostructures and improve its surface transport property.59
As such, ZnO/Au nanostructure heterointerfaces possess various attributes that are beneficial
to various chemical and functional applications, including good electron mobility, non-toxic
nature, high surface area, and excellent stability. For example, the Au decorated ZnO
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nanowires have been demonstrated as excellent catalysts for the water-gas shift reaction, a key
step in H2 fuel production.104 Due to the plasmonic effect from the Au, Au nanorod/ZnO
nanowire hybrid 105 allows near-infrared photodetection and high-efficiency plasmonic energy
conversion. In addition, Au/ZnO nanohybrids are also considered as promising materials for
toxic gas detection.
Clearly the presence of noble metal in hetero-interfaces could greatly enhance the
performance of various materials and devices. However, the significant interaction between
metal and metal oxide and its resultant material interchanges and corresponding charge transfer
within formed triple Gas-Au-ZnO interfaces as applied to gas sensors still remains elusive.
Herein, surface interactions and reactions between gaseous NO2 and solid Au decorated ZnO
nanowire arrays have been unraveled using the electron microscopy (EM), Raman
spectroscopy, and X-ray photoelectron spectroscopy (XPS).

Under ambient atmosphere,

strong metal support interaction (SMSI) between ZnO and Au was identified and revealed in
the form of an encapsulation mechanism. Upon exposure to gaseous NO2, preferential
adsorption over solid Au surface led to a quick local nitrate formation, triggering ZnO
migration onto the surface of Au nanoparticles. The catalytic spillover effect16 from Au
nanoparticles leads to a reduced activation energy in the reaction of NO2 and ZnO, where
nitrate formation leads to the decrease of conductance of the Au-ZnO nanowire structure.
During this process, the encapsulated ZnO layers were constantly consumed to form nitrates
as facilitated by the constant ZnO migration onto the Au nanoparticle surface. Meanwhile,
excess nitrate species may be formed in the presence of AuNPs, which has led to a remarkably
high sensitivity and excellent detection of NO2 gas. At 400 oC, the calculated sensitivity could
reach 7000 towards 250 ppm NO2 detection, with a detection limit of approximately 8 ppb.
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The sensitivity towards NO2 through AuNP decoration is more than 3 orders of magnitude
higher than that of interfering reducing or oxidizing gases such as CO, O2, C3H8, SO2 etc., thus
enabling the sensor an excellent selectivity.

4.2. Experimental Procedures
4.2.1. Materials Preparation
The ZnO nanowire array growth was carried out using a continuous flow hydrothermal
synthesis method.106-107 ZnO seed layer was deposited on Si substrate surface, and then
hydrothermal growth was conducted to grow large-scale ZnO nanowire arrays. First, a 30 nm
thick ZnO seeding layer was uniformly deposited on a Si substrate using an RF magnetron
sputtering system (Torr, Inc.) The seeded substrate was then annealed in air at 350 °C for two
hours to enhance the crystallinity of ZnO seeds. And then an equal-molar aqueous solution of
12.5 mM zinc acetate dihydrate [Zn(CH3COO)2·2H2O] and hexamethylenetetramine (HMT)
was prepared at room temperature. The Si wafers with 30 nm ZnO seed layer were suspended
in 200 ml mixed growth solution and the reactor was heated in a water bath. When the growth
solution reached 90 °C, the residual fresh aqueous solution was continuously injected into the
reactor at a flow rate of 5 ml/min driven by a peristaltic pump while the inside solution was
pumped out from the bottom at the same rate to keep the solution flow constantly. The overall
solution amount in the reactor was kept at 200 ml during the continuous flow injection and the
growth process was maintained for 10 hours. The resulting ZnO nanowire array grown on Si
wafer was rinsed with DI water and dried naturally.
The AuNPs 20 nm wide were synthesized through thermal decomposition of gold-glycine
complexes at 180 oC.100 The resulting Au nanoparticle colloidal solution was diluted by
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methanol at a volumetric ratio of 1 to 5 (colloidal solution to methanol). A series of diluted
solutions were prepared using 5 µL, 10 µL, 20 µL, 40 µL and 80 µL of the original Au
nanoparticle colloidal solution, and the identical volume of methanol for each diluted solution.
For Au nanoparticle decoration, Si substrate with grown ZnO nanowires in a size of 1 cm × 2
cm was vertically submerged into as-prepared solution to decorate the nanowires with Au
nanoparticles. The substrate was slowly removed from the solution after a few seconds and
dried horizontally at 65 °C on hotplate. This process was repeated for multiple cycles until all
the diluted solution was consumed. The loading weight ratio of decorated AuNPs was
calculated by dividing the weight of fully dried samples against the substrate weight before
nanoparticle decoration.

4.2.2. Materials Characterization
A FEI Talos scanning transmission electron microscope (S/TEM) was used to characterize
the structure and composition of the Au nanoparticle decorated ZnO nanowires. A highresolution JEOL field emission scanning electron microscope (FE-SEM) was utilized to
characterize the size and morphology of ZnO nanowires, and decorated nanoparticles on the
Si substrate. The surface electronic structure of samples was characterized using a PHI 5600ci
X-ray photoelectron spectrometer (XPS) using a monochromatic Al Kα X-ray. The pass energy
of the analyzer was 58.7 eV with a scan step size of 0.125 eV.

Binding energies were

corrected for charging by referencing to either the Au 4f7/2 peak at 84.0 eV or the C 1s peak at
284.8 eV when Au was not detected.

Atomic concentrations were calculated from the areas

under individual high-resolution XPS spectra using manufacturer-provided sensitivity factors.
Gas treatments carried out in association with XPS measurements were done in a reactor
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attached to the instrument, which permitted transfer of the treated sample for analysis without
exposure to air.

4.2.3. Sensor device fabrication and characterization
Heavily doped Si was used as the substrate with a SiO2 dielectric layer of ~100 nm in
thickness grown on the substrate by thermal oxidation. A pair of zig-zag shaped Pt wires was
installed on two ends of the device as electrodes to establish a stable electric contact with
nanowire arrays as well as the electrical leads to the device characterization analyzer. The gas
testing set up includes a high-temperature quartz tube reactor, an electrical feedthrough, and a
mixing gas generation system. The sensor is located in a high temperature-resistant alumina
tube through which the Pt electrical leads connect the device under test (DUT) with the outside
electrical analyzer. A calibrated amount of NO2 diluted in ultra-high purity nitrogen (N2) was
injected into the reactor chamber with programmed concentrations and a total gas flow rate of
1500 standard cubic centimeter per minute (sccm) as controlled by a mixing gas generator (Gas
Mixing System, Environics Inc.). The electrical resistance was determined by measuring the
electric current using a CHI 6001D electrochemical workstation under a constant bias of 1V
across the DUT at elevated temperatures.

4.3. Results and Discussion
4.3.1. Microstructure and Morphology
In Figures 4-1(a) and (b), the representative top view and 45° tilt-view SEM images of Au
decorated ZnO nanowires reveal the nanowire tips of hexagon cross-sections ~50-300 nm wide
and a length of up to ~7 µm. The large AuNPs or the aggregated AuNPs can be clearly resolved
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in the SEM images, while the corresponding Energy Dispersive X-ray spxectra (EDXS) and
maps confirm the uniform distribution of Au nanoparticles on the surface of ZnO nanowires.
As displayed in Figure 4-1(c), the Au nanoparticles were distributed uniformly on the
nanowire surface with some aggregates of AuNPs.108 The HRTEM lattice fringes were
revealed in the Figure 4-1(d) with multiple crystallographic orientations, suggesting the
AuNPs are polycrystalline. The selected area EDXS maps in Figures 1(e)-(h) display the
elemental distribution of Zn, O and Au around the Au/ZnO interface region. It is noted that the
profiles of Zn and O are nearly identical to each other, while the decorated AuNPs seem to be
embedded in the surfaces of ZnO nanowires rather than simply lay on the surface.
After the Au/ZnO samples were treated with flowing NO2 at 400 ℃, the ZnO was found to
migrate onto the surface of AuNPs forming encapsulation layers (shown in Figure 4-1(i)),
which indicates a pretty strong metal support interaction (SMSI) between Au and ZnO.109 The
lattice spacing of the thin encapsulation layer of ZnO is 0.247 nm, matching to that of the
planes of ZnO. While the typical {111} and {200} planes in Au with lattice spacings of 0.230
nm and 0.203 nm, respectively, were identified in the adjacent Au nanoparticles. Figures
1(j)~(l) lay out the Zn, O and Au elemental distribution around the interfacial region between
Au and ZnO. The detectable signal indicating ZnO encapsulation layer could still be observed
around the surface of Au nanoparticles.
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Figure 4-1. (a) Top view and (b) 45° tilt-view SEM images of Au nanoparticle decorated ZnO
nanowire arrays on silicon substrate. (c) Typical low-magnification TEM image of ZnO
nanowire decorated with Au nanoparticles; and (d) High resolution TEM image of an Au
nanoparticles coated on ZnO nanowire. (e) and (f)~(h): A typical bright field TEM image of
single AuNP/ZnO nanowire interface region and the corresponding EDX elemental mapping
showing the compositional distribution of Au, O and Zn respectively. (i) and (j)~(l): The high
resolution TEM image of Au/ZnO after treatment with NO2 flow at 400 ℃ and corresponding
EDX elemental mapping displaying distribution of Au, O and Zn respectively.
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4.3.2. The interaction of NO2 and Au-ZnO nanowire arrays
Upon NO2 exposure at 400 ℃, the etched craters were displayed as the brighter regions on
the ZnO nanowire surfaces shown in Figure 4-2(a). Such craters are believed to be due to the
dynamic adsorption and desorption process of NO2 molecules, a reversible chemical exchange
that involves ZnO migration at interfacial regions. Besides, the size and the dispersion density
of etched craters could be considered as an indicator to characterize the dynamic interaction
efficiency of gas phase and the Au-ZnO heterointerfaces at various temperatures.
The Raman spectra were collected from the Au-ZnO nanowires sealed in the NO2
atmosphere at room temperature, as displayed in Figure 4-2(b). The three lines located at 303
cm-1, 522 cm-1, and 961 cm-1 represent the Si substrate110-111 and the Raman peak at 446 cm-1
is due to the vibrations of the oxygen in ZnO (E2high mode).112 The 2186 cm-1 Raman line can
be assigned to NO2 adsorbed on Au-ZnO nanowire arrays.113-115 Compared to other peaks
shown in the spectrum for the sample treated with NO2, the adsorbed NO2 peak clearly shows
the highest intensity. The 2174 cm-1 line at the Raman spectrum for the sample after NO
treatment represents the NO adsorbed on the AuNPs and ZnO,116 while the weak peak at 2086
cm-1 corresponds to oxygen in the Raman spectrum of Au decorated ZnO in air.
The XPS spectra in Figure 4-2 (c) display the Zn 3p and Au 4f7 core levels of the Au/ZnO
nanowire array samples with different Au loadings. It is clear that Au peak intensity relative
to that of the Zn 3p peak increases with increasing AuNP loading. The ratio of Au 4f / Zn 3p
in three samples with increasing Au loading amount were calculated to be 0.062, 0.084 and
0.224 respectively (Table 1). Much higher Au/Zn ratio in 16 wt.% Au/ZnO is due to the
intensively covered Au nanoparticles block the Zn signal from being detected. The N 1s spectra
for 16 wt.% AuNPs on ZnO nanowire arrays as a function of different treatments is plotted in
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the Figure 4-2(d) The exposure to 500 ppm NO2 at steps 3 and 5 results in a N 1s peak located
at 407.4 eV that corresponds to nitrate. The intensity of N 1s signal detected increases
accordingly with treatment at the higher temperature up to 400 ℃. And the N/Au atomic ratio
of three different samples was quantitatively summarized in the Table 4-1. The quantity of
oxidized N detected increases with the Au concentration up to 80 wt.%, but then decreases
upon reaching highest concentration of Au (16 wt.%). That is due to the poorly dispersed
AuNPs at the highest Au loading which might block the gas transfer channels and surface
access to adsorption sites. Thus, the decorated Au nanoparticles clearly impact the interaction
between NO2 and ZnO nanowires and the associated formation of nitrate.

Figure 4-2. (a) TEM image showing etched spots due to nitrate formation from the interaction
of NO2 with PC AuNPs and ZnO nanowires (b) Comparative Raman spectra of ZnO/Au
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nanowire samples sealed in atmospheres of nitrogen dioxide balanced with N2, nitric oxide
balanced with N2, and air. (c) The Zn 3p and Au 4f XPS spectra of three different ZnO
nanowire samples loaded with 8wt. %, 12wt. % and 16wt. % Au nanoparticles (NPs),
respectively. (d) The N 1s spectral variation of ZnO nanowire samples loaded with 16wt. %
AuNPs after a 5-step treatment of different atmosphere and temperature exposures, namely:
Step 1. O2, 400 ℃, 60 min; Step 2. N2, 300 ℃, 30 min; Step 3. 500 ppm NO2 balanced with
N2, 300 ℃, 30 min; Step 4. N2, 300 ℃, 60 min; Step 5. 500 ppm NO2 balanced with N2, 400 ℃,
60 min and Step 6. N2 400 ℃, 60 min.

Table 4-1. The ratio of Au 4f / Zn 3p and atomic ratio of Au/Zn of three different Au/ZnO
nanowire array samples with 8 wt.%, 12 wt.% and 16 wt.% loading AuNPs.
Sample

Au 4f / Zn 3p

8% Au

0.062

12% Au

0.084

16% Au

0.224
N / Zn atomic ratio

Step

Treatment

16% Au

12% Au

8% Au

1

O2, 60 min, 400 °C

0.000

0.000

0.000

2

N2, 60 min, 300 °C

0.000

0.000

0.000

3

500 ppm NO2, 30 min, 300 °C

0.030

0.043

0.014

4

N2, 60 min, 300°C

0.000

0.000

0.000

5

500 ppm NO2, 60 min, 400°C

0.072

0.096

0.059
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6

N2, 60 min, 400 °C

0.000

0.000

0.000

As revealed earlier in the TEM images shown in Figure 4-2(a), the nitrate formation could
be spotted in the interfacial region between decorated AuNPs and the ZnO nanowire. An
illustrative scheme is proposed in Figure 4-3(a) to help understand the microscopic defect and
chemical exchange process. To quantitatively track the nitrate signal from the interfacial region
between ZnO and AuNPs, the size and number of etched craters were measured using the
acquired TEM images of Au decorated ZnO nanowires after 2 h NO2 pretreatment at
temperatures ranging from 200 oC to 500 oC. The smaller single crystalline AuNPs were
utilized to decorate the ZnO nanowire arrays as they were uniformly distributed. It is also worth
pointing out that the average number and size of the craters in Au/ZnO samples are larger than
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those of the pristine ZnO nanowires without AuNPs due to the catalytic spill-over effect in Au
as well as the strong Au-ZnO interaction effect.
The spot size was statistically measured from Au/ZnO nanowires in five TEM images taken
from different areas. The spot formation is revealed to be temperature dependent as confirmed
in the size distribution histogram shown in Figure 4-3(b). The average spot size seems to be
closely correlated with the amount of formed nitrates, which was the largest at 400 °C. Similar
to the size distribution as displayed in Figure 4-3(c), the number of spots reach the maximum
at 400 °C. Without Au nanoparticles, the average spot size and number on the exposed ZnO
nanowire were much smaller. It is noted that these spots observed in TEM images include the
surface craters and internal cavities or pores, where surface craters were formed due to the
etching effect of NO2 and internal cavities were resulted from evaporation of intermediate
product during hydrothermal synthesis.
Besides, the NO2 may partially decompose to O2 and NO, which can react with ZnO/Au to
form nitrites and nitrates.117-118 This reaction could be another factor leading to the spot
formation on ZnO nanowire surfaces. However, NO2 is still the major contributor to the
interaction between NOx and ZnO/Au, considering the much higher intensity of adsorbed NO2
than that of NO as identified in the Raman spectra (Figure 4-2(b)). Here to demonstrate the
temperature dependent nitrate formation, the index “number × size” was introduced to relate
to the adsorption and desorption events that could quantitatively characterize the gas sensing
process.
No phase segregation was observed in the spot and Au/ZnO interfacial regions, suggesting
that the nitrate formation process is reversible and the formed nitrate may decompose to the
pure ZnO after the recovery. However, the EDS line scan across Au/ZnO interfacial region
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revealed an obvious peak for nitrogen (Figure 4-3(d)) while no such peak was detected for
spots on ZnO nanowires. When Au/ZnO nanowire samples were treated in NO2 gas flow at
elevated temperature, AuNPs may promote the nitrate formation, while prevent the formed
nitrate from decomposition. So, more nitrates could retain with AuNPs at elevated temperature
and trap more free electrons and further reduce electrical conductance. On the other hand,
fewer electrons may be released due to the remaining nitrates at the interfacial region leading
to a prolonged recovery in the sensors.

Figure 4-3. (a) Schematic illustration of the interaction spots between NO2 and pristine ZnO,
and hybrid ZnO/Au. (b) The histogram of size distribution of etched spots after NO2 exposure
on ZnO an ZnO/Au nanowire samples at different temperatures. (c) Statistics of nitrateformation induced surface etched spots on ZnO and ZnO/Au nanowire samples: average size,
numbers of etching induced spots as a function of temperature. (d) the EDX line profile at the
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interface region of Au and ZnO revealing the residual nitrates buried in the Au/ZnO interfacial
region.

Upon exposure to the oxidative gas NO2, dissociative molecular adsorption may occur on
the ZnO surface or Au/ZnO interface depending on the type of adsorption sites. The adsorption
of NO2 will initiate selectively on the Au nanoparticle surface, with concentrated NO2
adsorbates spill over to the ZnO nanowire surfaces. On the other hand, the formation of a strong
ZnO(VO¨)-NO2 bond is energetically preferred at oxygen deficient sites, with one of the oxygen
atoms from NO2 filling the original oxygen vacancy. Such an adsorption process will be
followed by reaction of adsorbed NO2 and O centers with the stable nitrate species
subsequently formed. The later sensor recovery in N2 will lead to the complete decomposition
of NO3-, producing pure ZnO. The whole process results in the brighter spots observed in the
TEM images, while the ZnO material at the interfacial region might relocate to the
circumferential spot edges as described by the following Equations 4-1~4-3:
XPY Z[

𝑁𝑂@

SU 𝑁𝑂@POY

4−1

𝑍𝑛𝑂(𝑉]∙∙ ) + 𝑁𝑂@POY + 2𝑂( → 𝑍𝑛𝑁𝑂=
XPY

𝑍𝑛𝑁𝑂= → 𝑍𝑛𝑂 + 𝑁𝑂@

4−2
4−3

Here, the NO2 adsorbates act as electron traps, leading to ZnO surface band bending. During
NO2 exposure, the Fermi Level of ZnO was lower than that of Au, which would facilitate
electron transfer from ZnO to Au to attain Fermi-level equilibrium. Meanwhile, the surface
band bending of ZnO would be enlarged due to the catalytic spill-over effect of AuNPs,109
resulting in a thicker electron depletion layer with a lower free electron density in the
conductance band. With Au nanoparticles, the abundance of free electrons would further
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promote NO2 chemisorption and facilitate nitrate formation at the oxygen vacancy sites. The
catalytic AuNPs thus promote both nitrate formation and charge transfer.
So far, it is clear that the morphology variation (craters) revealed due to interfacial material
loss, as shown in the brighter contrasted spots in TEM images, have allowed us to track the
migration of AuNPs, and locate the formation of nitrates. The observations of nitrate formation
associated with craters’ size and population variations as a function of temperature could well
facilitate understanding of the functional performance of the constituted sensors in this work.

4.3.3. Study of Craters formation and evolution
The detailed morphology of formed craters due to NO2 adsorption is revealed in Figure 44(a). Several bumps are observed at the edge of these craters and this phenomenon is highly
consistent with the previous scheme. The profile of crater is mimicked by the white curve in
the magnified TEM image (Figure 4-4(b)) and the height of craters’ edge is obviously higher
than the original height. The original ZnO is believe to be transferred to the bumps near the
edges resulting into the less thickness in the hole regions. And similar phenomenon is observed
around Au/ZnO interface as well (Figure 4-4(c)). As the adsorption of NO2 would only initiate
on the ZnO surface, the observed “holes” in TEM images are believed to be craters on the
surface rather than the cavities inside the ZnO nanostructure.
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Figure 4-4. (a) Dark-field TEM image showing lateral view of crater-like holes. (b) Magnified
TEM image revealing the morphology of craters. (c) TEM image showing craters around
Au/ZnO interface.

To investigate the relationship between NO2 adsorption and craters’ formation, EELS was
employed to locate the nitrates in the Au/ZnO sample after 300 ppm NO2 pretreatment at 400
o

C . Firstly, the Au/ZnO interface region was chosen as the scanning region labeled with white

rectangular (Figure 4-5(a)) and elemental analysis was carried in three different regions
(Figure 4-5(b)). As the nitrate species may decompose after the NO2 pretreatment and
Nitrogen (N), existing in the format of surface nitrates species, is a light element and it is
therefore difficult to be detected due to its scarcity. Thus, no obvious N signal is detected in
most regions we have scanned. On the other hand, a minor peak of Au may overlap with that
of N and it is difficult to judge if Nitrates exist in Au and Au/ZnO regions (Figures 4-5(c) and
4-5(d)), even though there are some small peaks exist near the 401 eV when we acquire data
from Au/ZnO. In the pure ZnO region (Figure 4-5(e)), no obvious N signal is observed as the
intensity of ZnO signal is too high.
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Figure 4-5. (a) Scanning region labeled with white rectangular in Au/ZnO region. (b) Point
elemental analysis in three different locations. EELS spectra showing N, Au, Zn, and O signals
in (c) Au region, (d) Au/ZnO region, and (e) ZnO region.

Similarly, to eliminate the influence of Au signal, we scanned the region without Au
nanoparticles (Figure 4-6(a)) and three different locations (outside crater, crater edge, and
bottom of crater) were chosen for point analysis (Figure 4-6(b)). As revealed in Figure 4-6(c),
a strong N peak initiating from 401 eV is distinguished in the bottom of crater, where signal
of Zn and O are much weaker than center region. On the contrary, the nitrogen signal couldn’t
be detected in craters’ edge (Figure 4-6(d)) and outside craters (Figure 4-6(e)). Thus, the
formed craters are the results of NO2 adsorption and related etching effect. Given most of
formed nitrates would be decomposed after the NO2 was released, the fact that remaining
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nitrates could still be detected in craters’ bottom indicates that most of nitrates were formed
inside the craters.

Figure 4-6. (a) Scanning region labeled with white rectangular in ZnO region. (b) Point
elemental analysis inside craters, craters’ edge, and outside craters. EELS spectra showing N,
Au, Zn, and O signals in (c) Au region, (d) Au/ZnO region, and (e) ZnO region.

To monitor the evolution of formed craters and Au agglomeration, the NO2 adsorption is
conducted in gas cell of environmental TEM. The corresponding TEM images of Au/ZnO
nanostructure in different temperatures were captured as shown in Figures 4-7(a)-(d). With
temperature increased to 450 oC, no obvious agglomeration is observed and such results are
probably resulted from strong metal support interaction, where Au nanoparticles are mostly
surrounded by ZnO and encapsulation layer may stabilize the decorated Au nanoparticles to
some extent. The size evolution of Au nanoparticles is summarized in Figures 4-7(e)-(h), the
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average size of Au nanoparticles is gradually growing with enhanced temperature. The Au
nanoparticles below 2 nm may firstly disappear and larger Au nanoparticles may remain stable.
Besides, the growth of AuNPs may gradually become saturated at high temperature region due
to the larger Au nanoparticles is more stable in comparison to small Au nanoparticles. On the
contrary, according to summarized histograms Figures 4-7(i)-(j), the growth of craters is much
more obvious. Thus, the numbers of craters may slightly decrease with larger size. The
multiplication of crater numbers and crater sizes could be regarded as the index reflecting
response towards NO2 and highest size and numbers of craters are observed at 400 °C.

Figure 4-7. TEM images revealing size and distribution of Au nanoparticles and craters in (a)
room temperature, (b) 200 oC, (c) 300 oC, and (d) 450 oC. Corresponding Au nanoparticles size
distribution in (e) room temperature, (f) 200 oC, (g) 300 oC, and (h) 450 oC. Surface formed
craters size distribution in (i) room temperature, (j) 200 oC, (k) 300 oC, and (l) 450 oC.
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In addition to lateral size investigation, we applied contrast to make estimation of vertical
depth of formed craters under different temperatures. For TEM images, the contrast is basically
resulted from electron scattering due to the materials’ thickness and mass. Specifically, when
the beam illuminates two neighboring regions with low mass and high mass. The thicker area
may scatter electron at higher angles and ratio. In a typical bright-field mode, strongly scatter
electrons are blocked by objective aperture. Thus, thicker regions reveal darker in bright-field
images. Utilizing Digital Micrograph, line scan was conducted on a formed crater under
different temperature as displayed in Figures 4-8(a)-(e). The detailed spectra showing contrast
are revealed in Figures 4-8(f)-(j), respectively, while contrast is defined in following function:
𝐶=

(𝐼@ − 𝐼q ) ∆𝐼
=
𝐼q
𝐼q

4−4

As the intensity is proportional to 1/materials thickness, in this regard, the thickness of crater
regions could be calculated based on intensities contrast. The detailed depth of formed craters
under different temperatures is summarized in Figure 4-8(k). The depth of this crater grows
quickly under 450 oC and gradually reach saturated status at 650 oC. Moreover, the growth
rate of depth is obviously higher than lateral size.
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Figure 4-8. TEM images demonstrating morphology evolution of craters and the line scan is
labeled with black line under: (a) room temperature, (b) 200 oC, (c) 300 oC, (d) 450 oC, and (e)
650 oC. The intensity profile versus position in line scan crater region under: (f) room
temperature, (g) 200 oC, (h) 300 oC, (i) 450 oC, and (j) 650 oC. (k) Scatter gram summarizing
calculated depth of craters versus temperature.

4.3.4. Gas Sensing Application
The electrical sensing response was measured upon exposure to different concentrations of
gaseous NO2 at 200 °C. Superb response to NO2 exposure has been demonstrated over the Au
nanoparticle decorated ZnO nanowire sensors. Figures 4-9(a) and 4-9(b) display the electrical
responses of a typical AuNPs/ZnO nanowire sensor as a function of time upon periodic
exposures to low concentrations of NO2 from 2 ppm to 8 ppm and high concentrations of NO2
ranging from 100 ppm to 250 ppm, respectively. Pure N2 was applied to drive the recovery of
the sensor. Upon exposure to NO2, the stable and reproducible gas response is linearly
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dependent on concentration. Here, sensitivity is defined as [Rg/Ra-1] ×100%, where Ra
represents electrical resistance of the sensor in balance gas, and Rg is the resistance of the
sensor in the target gas. The slopes of the two linear calibration curves are not identical because
the sensor may reach a partially saturated condition at the high-concentration range of NO2
exposure. That is to say, when the gas concentration increases and the number of adsorption
sites remains the same, an increasing number of the NO2 molecules remain un-adsorbed.
Besides ppm level NO2 sensing, the ppb level NO2 measurement was attempted to estimate
the detection limit of the devices. Figure 4-9(c) displays the current-time (I-t) curve with
respect to step-increased ppb level NO2 concentrations. When normalized, the sensor has
attained a remarkable response of 15 per ppm upon NO2 exposure. With the detection limit
defined as a response three times larger than the background noise, the detection limit was
determined to be ~8 ppb. The dynamic response curve, the calculated sensitivity versus
temperature and gas concentration, is summarized in Figure 4-9(d). Compared to the ppb level
NO2 sensing, the electrical signal could take longer time to return to the baseline at higher NO2
concentrations. Consistent with the dynamic gas response curve, the sensitivity increases with
increasing NO2 concentration and temperature, with the highest sensitivity achieved at 400 °C,
i.e., as high as 6000 under 250 ppm NO2. Meanwhile, the NO2 molecules start to decompose
to NO and O2 at high temperature (>500 oC), resulting in much lower NO2 concentration.
It is worth pointing out that the AuNPs encapsulated by ZnO layer will still migrate and
agglomerate together at high temperature. These ZnO layers are mobile enough to untrap the
Au nanoparticles due to their continuous consumption in the interaction of NO2 and Au/ZnO
nanowires. The residual ZnO may keep migrating onto the surface to form the new
encapsulation. Such chemical exchange may stop when the AuNP migrate away and a crater
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shaped spot with inner material loss remained. As such, the SMSI phenomenon is a significant
reason why the crater shaped spot is formed during the interaction process of NO2 and Au/ZnO
nanowires. To explore the AuNP loading effect on the sensor performance, several AuNPs
coated ZnO nanowire sensors were tested upon exposure to 100 ppm NO2 at 200 °C. Clearly
shown in Figure 4-9(e), the device sensitivity increases with Au loading up to 8 wt.% and then
decreases with 12 wt.% AuNPs loading. This is due to a relatively poor Au dispersion in
consistent with the XPS study. The surface AuNP coverage, i.e., the number of decorated Au
nanoparticles per unit area, is plotted in Figure 4-9(f). It is revealed that the average number
of AuNPs generally coincides with the volume of AuNPs colloidal solution used in the Audecoration process. The statistics are calculated by counting the number of AuNPs on a large
number of individual ZnO nanowires observed in TEM images.

Figure 4-9. The current-time response curves of Au nanoparticle decorated ZnO nanowire
array sensor upon exposures to (a) low-concentration (2 ppm-8 ppm) and (b) highconcentration (100 ppm-250 ppm) NO2. (c) Cyclic sensor response test towards 150 ppm, 200
ppm and 250 ppm NO2 at varying temperatures. (d) Three-dimensional bar chart of the ZnO/Au
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nanowire array sensors’ responses at different NO2 concentration (100 ppm~250 ppm) and
temperatures (150 °C ~500 °C). (e) Responses of ZnO nanowire array sensors decorated with
various amount of Au nanoparticles upon exposure to 100 ppm NO2 at 200 °C. (f) Detailed
statistics of ZnO nanowires decorated with various amounts of AuNPs, i.e. various number of
AuNPs per nm2 surface area of ZnO nanowires.

To demonstrate the selectivity of the Au decorated ZnO nanowire NO2 sensors, a selectivity
study was conducted at 200 °C towards different gases such as NO2, CO, O2, NH3, C3H8, and
SO2. To make a better comparison, the sensitivities towards different gases with normalized
sensitivities per ppm are summarized in Table 4-2. A remarkable sensitivity towards NO2 is
achieved, exceeding the sensitivity to other gases by at least three orders of magnitude. When
applied in practical mixing gas scenarios, the transient sensor response curves upon exposure
to two-component and three-component mixing gases, as presented in Figures 4-10(a) and
(b), demonstrate a high selectivity of NO2 over O2 (oxidizing gas) and CO (reducing gas). An
extremely larger response is observed when the sensor is exposed to the NO2, while the other
interfering gases only had a small effect on the resistance of the sensor. Here the sensor
selectivity can be expressed by the following Equation:119
𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 𝑡𝑜𝑤𝑎𝑟𝑑𝑠 𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑎𝑠
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 𝑡𝑜𝑤𝑎𝑟𝑑𝑠 𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑖𝑛𝑔 𝑔𝑎𝑠

4−5

At 300 °C, the sensor selectivity study was carried out for exposure to a two-component gas
mixture (1000 ppm O2 and 100 ppm NO2). Comparing the sensor responses upon exposure to
two common oxidizing gases, as revealed in Figure 4-10(a), NO2 sensitivity was found to
exceed O2 sensitivity by a factor of 374 under a NO2 concentration one-tenth that of oxygen.
Here upon exposure to NO2, most of the surface chemisorption sites would be occupied by
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NO2 molecules and some adsorbed oxygen molecules could even be replaced by NO2
molecules, leading to dramatically increased resistance from the baseline. In this case, the final
stable value of electrical resistance is determined by the concentration of NO2 in that the
sensitivity towards O2 could be ignored. When using an identical 900 ppm concentration for
both NO2 and O2, the NO2 sensitivity reached a giant 33499 compared to a low sensitivity of
65.3% towards interfering gases of 900 ppm O2 and 0.2% CO. The final stable current value
could not be displayed on the CHI analyzer due to the extremely large signal variation that
exceeded the instrument display limit, thus an addition final state value test is displayed in the
inset of Figure 4-10(b). Accordingly, the selectivity is calculated as high as 51301 and this
excellent selectivity enables our sensor to accurately distinguish trace NO2 in a multicomponent gas mixture.

Figure 4-10. Dynamic response curve of an AuNP coated ZnO nanowire array NO2 sensor
upon exposure to a multi-component NO2-based gas mixture in the presence of interfering
gases (a) O2 and (b) O2 and CO.

Table 4-2. Normalized sensitivities towards different gases.
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4.4. Conclusion
Using spectroscopic and electron microscopic characterization, the strong metal support
interaction was identified and reversible formation of nitrate species was spotted as the major
product resulting from the interaction between gaseous NO2 and solid ZnO/Au hybrid
nanowires at temperatures up to 500 oC. The consumption and migration of ZnO layers
encapsulating Au nanoparticles driven by the nitrate formation contributed to locally
nanoscopic material rearrangement at the Au/ZnO interface region, resulting in nanoscale
etched craters on the ZnO nanowire surface. The TEM characterization reveals that the ZnO
of bottom is transferred to edge of craters. Statistically, the average size including lateral
diameter and vertical depth and number of etched craters are related to the temperature
dependent NO2 adsorption and resulting conductance variation. The combined effect of crater
size and quantity peaked at 400 °C and was highly consistent with the observed superb NO2
sensing responses of 4~15 per ppm with an 8-ppb detection limit at this working temperature.
Meanwhile, such a strong interaction between Au/ZnO hybrid nanowires and NO2, enabled a
selectivity of as high as 51301 to distinguish 100 ppm NO2 from the presence of interfering
gases such as CO and O2.
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Chapter 5. Enhancing ZnO Nanowire Gas Sensors using
Au/Fe2O3 Hybrid Nanoparticle Decoration
Heterojunction is an important strategy in designing high performance electrical sensor
material and related devices. Herein, a new type of metal-semiconductor hybrid nanoparticles
has been successfully used to remarkably sensitize the surface of ZnO nanowires for detecting
NO2 with high responses at a broad temperature window ranging from room temperature to
600 oC. These hybrid nanoparticles are comprised of iron oxide nanowires with well dispersed
single crystalline Au nanoparticles. The hybrid nanoparticle decorated ZnO nanowires have
achieved a giant response as high as 74500 toward NO2 gas, about 42 times that of Au
decorated ZnO nanowire sensors. This dramatic enhancement may be attributed to the efficient
charge transfer across the Au-Fe2O3 Schottky and Fe2O3-ZnO semiconductor heterojunction
interfaces. Due to the incorporation of thermally-stable Fe2O3 nanoparticles as the support of
Au nanoparticles, the working temperature of nanowire sensors was successfully extended to
higher temperature by 200 oC, from 400 oC to 600 oC. Such a combination of semiconductor
heterojunction and semiconductor-metal Schottky contact presents a new strategy to design
high performance electrical sensors with high sensitivity, stability, selectivity, and wide
operation temperature window, which are potentially suitable for advanced energy systems
such as automotive engines and power plants. And this chapter is edited based on published
paper.120
Key words: Au/Fe2O3, NO2 sensing, heterojunction, thermal stability
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5.1. Introduction
Assembly of different nanostructure components in a hierarchical but synergistic manner is an
important research area in nanoscience and nanotechnology.121-122 By combining different
nanomaterials, a diverse array of heterostructure configurations have been enabled, such as
core-shell nanoparticles,87-88 semiconductor heterostructures,89-91 metal-semiconductor
Schottky nanocontacts,92 etc.. Such heterogeneous structures can display unique functions that
could be utilized in optics, electronics, catalysts and sensors.12, 60-63 Compared to the individual
nanocomponents, inter-component synergies could be achieved and provide superior
properties and functions.
ZnO nanostructures, an exemplified class of sensor materials, have drawn attentions in
sensor applications in the past few decades due to its versatile responses to chemical, electrical,
and optical stimuli.123 In order to enhance the electrical sensing performance of ZnO
nanowires, heterojunction sensitizing and photo-assisted strategies have been adopted lately,
such as noble metal and perovskite sensitizing, as well as the photocurrent enhancement.11-16
The decoration of noble metal nanoparticles could improve the sensitivity of pristine ZnO
nanostructures by several orders of magnitude, and improve their selectivity124 and response
time125. However, at elevated temperatures, metal sensitizers tend to agglomerate and degrade
the sensor performance

126

, as a result of the irreversible elimination of many advantageous

semiconductor-metal interfaces.127 Meanwhile, the ability to detect and monitor gaseous
species, such as CO, hydrocarbons (HCs), and NO2, is critically needed at high temperature in
situ and real time. This is especially true for various industrial processes, energy generation
systems, and the associated exhaust after-treatment devices, such as automotive engines, power
plants, and chemical plants. Thus, developing a high performance gas sensor with a wide
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operating temperature window is essential to efficiently inform and control various chemical
and energy production processes, mitigate toxic gas emissions, and provide the early
diagnostics and alert to ensure process security and environment sustainability.128
Herein, based on a binary ZnO-Au nanowire-nanoparticle system, a hybrid metalsemiconductor nanoparticle sensitizer is designed and enabled to significantly enhance ZnO
nanowire sensor performance, improve thermal stability, and widen the operation temperature
window from room temperature to elevated temperature up to 600 oC. The hybrid nanoparticles
(NPs) are comprised of semiconducting Fe2O3 nanoparticles decorated with metallic Au
nanoparticles, instead of dispersing the Au directly onto ZnO nanowire surfaces. Such a ternary
hybrid nanowire structure has significantly improved both sensitivity and stability of the
pristine and Au-sensitized ZnO nanowire sensors. Using N2 as the balance gas, excluding the
O2 interference, a systematic study was carried out on the synergy effect of the hybrid NPs
with respect to the pristine Au NPs over the ZnO nanowire sensors. Mechanistically, the
introduction of iron oxide NPs resulted in the chain charge transfer and boosted the response
to the gaseous NO2. Besides, no obvious agglomeration and migration of iron oxide NPs were
observed at elevated temperature and the Fe2O3 NPs also mitigated the agglomeration tendency
of Au NPs. By combining the catalytic Au NPs and Fe2O3 NPs, significant response was
accomplished as high as 74500 when exposed to 300 ppm of NO2 as a result of synergistic
integration of semiconductor heterojunction and Schottky contact. Furthermore, under the
practical ambient air condition at elevated temperature, 4-20 ppb NO2 were robustly detected
with a good cyclic performance and a good stability throughout an 7-day sensor operation. It
is worth pointing out that the wide operating temperature window and enhanced sensor
response endow this new type of nanowire sensors good potential for NO2 detection in harsh
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environments, a typical setting in either industrial process or automotive engines, where the
working temperature could reach up to 600 °C, with the NO2 concentration up to hundreds of
ppm. Such a hybridization of semiconductor heterojunction and semiconductor-metal Schottky
contact presents a new strategy to design high performance electrical sensors with high
sensitivity, stability, and selectivity.

5.2. Experimental Procedures
5.2.1. Growth of ZnO nanowire arrays on sensor substrates
A ZnO seed layer of 30 nm thick was uniformly deposited using a radio frequency (RF)
magnetron sputtering system (Torr, Inc.) on heavily doped Si substrate with a thermal oxide
layer of 100 nm SiO2. The seeded substrate was annealed in air at 350 °C for two hours to
enhance the crystallinity of ZnO seeds. ZnO nanowire array growth was carried out using a
continuous flow synthesis method. Firstly, a 12.5 mM aqueous solution of zinc acetate
dehydrates and hexamethylenetetramine was-prepared at room temperature. At the initial
stage, a seeded Si substrate of 1 cm × 2 cm was suspended in a 200 mL growth solution with
the reactor heated in an oil bath. When the growth solution reached 90 °C, fresh aqueous
solution was continuously injected into reactor with a flow rate of 5 mL/min driven by a
peristaltic pump while the inside solution was pumped out from the bottom of the reactor at
the same rate to keep the solution line maintained. The overall solution amount in the reactor
was kept at 200 mL during the continuous flow injection and the growth process was
maintained for 10 hours. The resulting samples were collected from the reactor, rinsed with
de-ionized (DI) water, and dried in air.
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5.2.2. Preparation of Nanoparticles of Au, Fe2O3, and Au/Fe2O3 Hybrid structures
The dip coating method was employed to achieve uniform loading of Au, Fe2O3 and
Au/Fe2O3 hybrid nanoparticles. Firstly, the respective colloidal solution was diluted using
methanol with a volumetric ratio of colloidal solution to methanol controlled at 1: 5. A series
of diluted solutions were prepared using 5 µL, 10 µL, 20 µL, 40 µL, and 80 µL original colloidal
solutions. For NPs decoration on ZnO nanowires, the ZnO nanowire rooted SiO2/Si substrate
was vertically submerged into the as-prepared colloidal solution to fully decorate the
nanowires with the NPs. The SiO2/Si substrate was slowly extracted from the solution after a
few seconds and dried horizontally at 65 °C on hotplate. This process was repeated for multiple
cycles until all the respective diluted solutions were consumed.

5.2.3. Gas Sensor Device Fabrication
A pair of zig-zag Pt wires was installed on the two ends of the individual nanowire sensor
to form a stable electrical interconnect between the sensor and external circuit. The sensor
testing set up includes a high-temperature quartz tube reactor, a mixed gas generation system,
an electrical feedthrough, and a CHI electrochemical analyzer. The device is installed in a
thermally resistant alumina tube through which a Pt electrical lead connects the sensor device
with the external electrochemical analyzer.
Two types of gaseous analyte feeds were employed, including NO2 balanced with N2, and
NO2 balanced with air, with the balance gases generated by the compressed N2 or air. The
modeled gaseous analyte feed was used with balance gas of N2 instead of air in order to avoid
the interference of O2, so as to clearly relate the surface catalytic chemistry and sensing
performance with cleaner signals. It is noted that ambient conditions were maintained to allow
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the recovery of the sensing data output. The testing temperature ranges from room temperature
up to 600 oC. Meanwhile, to validate the sensor cyclic performance and long-term stability
under practical ambient air environment, a cyclic gas exposure sensor test was conducted over
4 ppb - 20 ppb of NO2 in air at 400 oC, and an 7-day sensor operation test was conducted under
20 ppb of NO2 in air at 400 oC. During the testing process, the gas feed was injected into the
reactor tube with the programmed concentration and flow rate as controlled by the mixing gas
generator (Environics Inc.). The electrical resistance was determined by measuring the
electrical current by using a CHI 6001 electrochemical workstation under a constant bias of 1
volt (V) at different temperature. It is noted that the sensor response is defined as the ratio of
the resistance under target gaseous analyte to the initial resistance in air or nitrogen balance.

5.2.4. Structural Characterization
A FEI Talos scanning transmission electron microscope (S/TEM) was used to obtain highresolution STEM images of the prepared samples, as well as the corresponding elemental
analysis results including elemental spectra and maps. A JEOL field emission scanning
electron microscope was used to characterize the surface microstructure, size, and morphology
of the prepared samples.

5.3 Results and Discussion
5.3.1. Configuration of Sensor Device and Material Characterization
Figure 5-1(a) displays the schematic showing the sensor device configuration and testing
setup using ZnO nanowire arrays, where the device was installed on an alumina holder and
platinum wires served as the electrical interconnects connecting the electrical feedthrough to
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the electrochemical analyzer. The platinum wires were bent in zig-zag shape laterally to keep
good electrical contact with the nanowire array sample installed on the holder. An SEM image
of ZnO nanowire arrays is shown in Figure 5-1(b), revealing a hexagonal-shape tip for each
individual nanowire with an average diameter of ~100-300 nm. The nanowires are of a height
of around 5-6 µm (Figure 5-1(c)), with frequent junctions or overlaps between adjacent
nanowires, which could facilitate the charge transfer required during gas sensing.

Figure 5-1. Schematic of ZnO nanowire arrays sensor structure and electrode configuration.

5.3.2. Synergistic effect of hybrid (Au/Fe2O3) nanoparticles
The as-prepared Au-ZnO nanowire is depicted in the bright field TEM image shown in
Figure 5-2(a). Uniformly distributed Au NPs were observed with an average diameter of ~2
nm. A small amount of Au NPs agglomerations was observed with the agglomerated NP
diameter nearly twice as large as the pristine ones. The inset of Figure 5-2(a) is a highresolution TEM image, revealing the single-crystalline structure of the decorated Au NPs, with
an identified lattice spacing of 0.2356 nm, matching to the {111} atomic planes of gold. The
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uniform dispersion of decorated Au NPs is further confirmed by the energy dispersive X-ray
spectroscopy (EDXS) elemental map displayed in Figure 5-2(b), where elemental Zn and Au
are uniformly distributed throughout the nanowire. The majority of Au NPs is around 2~3 nm
in diameter (Figure 5-2(c)), with the agglomerated Au NPs smaller than 5 nm in diameter.
A cyclic sensing test was conducted upon exposure of NO2 at different concentrations and
various temperatures over the Au NP decorated ZnO nanowire arrays. Shown in Figure 5-2(d)
is the typical electrical current as a function of time under a constant bias of 1 V on the Au/ZnO
nanowire sensor upon periodic exposures to NO2, revealing an instant, reversible, and stable
sensing performance, while the pure N2 was applied to purge away NO2 through desorption
and return the sensor to its signal baseline. Upon exposure of NO2, the electrical resistance
increased pronouncedly and slowly recovered to the baseline during the subsequent N2
exposure. With Au NPs catalytically promoting NO2 dissociation and adsorption, and spillover to ZnO nanowire surfaces, a thicker electron depletion layer was formed than the pristine
ZnO nanowire scenario, with nitrates formed concurrently. However, at temperatures at and
above 500 °C, the electrical current response became unstable and fluctuating, while the
response dropped dramatically as revealed in Figure 5-2(e). This irreversible response and
instability could be attributed to the sintering of Au NPs, leading to a significant loss of
Au/ZnO contacts at high temperature. On one hand, the specific surface area drastically
decreased due to the drastic increase of NP size resulted from severe Au agglomeration. On
the other hand, the migration of Au NPs during the process of agglomeration might also
continuously deteriorate the contacts between Au and ZnO nanowires, leading to the
fluctuating response upon NO2 exposure. The responses as a function of temperature and
concentration have been summarized in a three-dimensional (3D) histogram as displayed in
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Figure 5-2(f). At a constant temperature, for instance at 300 ℃, the dependence of NO2 sensing
response could be fitted into a linear calibration relationship, enabling a good sensor function
using Au/ZnO nanowires. Compared to a temperature region below 200 ℃, the response and
rate are significantly increased at the higher temperature region. Such a temperature
dependence of the sensing performance could be attributed to the enhanced coverage of
chemically adsorbed NO2 molecules on the surface of ZnO nanowires due to the catalytic spillover effect from Au NPs.

Figure 5-2. (a) A typical TEM image of Au nanoparticle decorated ZnO nanowire. Inset: high
resolution TEM figures of the interface region. (b) Energy dispersive X-ray mapping showing
the distribution of Au, Zn, and O elements. (c) Histogram revealing the Au nanoparticles
diameter distribution. (d) Cyclic NO2 gas sensing test results: dynamic current-time (I-t)
response curves of Au/ZnO nanowire arrays with respect to different NO2 concentrations. (e)
Dynamic current response as a function of time of a ZnO/Au nanowire sensor upon exposure
to NO2 ranging from 150 ppm to 300 ppm at 500 °C. (f) 3D histogram of sensitivity towards
different concentration NO2 under various temperatures.
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So far it is clear that Au decorated ZnO nanowire sensor became unstable at temperatures
above 500 oC. Therefore, a more stable sensitizer other than Au is necessary at high
temperature. It is noted metal oxide is another type of promising catalytic materials that can be
used in the electrical sensor compared to metal. In this study, Fe2O3 metal oxide NPs have been
designated as an alternative. It is reported that a composite of Fe2O3 and ZnO nanostructures
had shown a better sensing performance upon exposure to different gaseous species such as
CO and NO than the pristine ZnO and Fe2O3 nanostructure-based sensors alone.129-130 In this
study, the Fe2O3 NPs decoration on ZnO nanowires was carried out as a control sensor
construct, as illustrated in Figure 5-3(a). The Fe2O3 NPs with uniform size and shape were
well dispersed on the surfaces of ZnO nanowires. Compared to the decoration of singlecrystalline Au NPs, Fe2O3 NPs tend to aggregate together. The EDXS mapping revealed a
uniform elemental distribution of Fe, Zn and O throughout the selected nanowire surface in
Figure 5-3(b). A statistics histogram of the geometric diameter is displayed in Figure 5-3(c),
revealing an average Fe2O3 NPs’ diameter of ~9.79 nm, with a size of ~3-16 nm.
Similar to Au NP decoration, the Fe2O3 NPs could also significantly enhance the sensitivities
of ZnO nanowire sensor towards NO2 detection. The cyclic gas sensing test was conducted
under 150 - 250 ppm of NO2 at 200 - 400 °C and the gas injection parameters were maintained
the same as those applied in the test of Au/ZnO nanowires sensors. The corresponding dynamic
response is recorded in Figure 5-3(d). The chemisorption of NO2 increased the electrical
resistance significantly and the signal could be recovered to the baseline upon NO2 purge using
N2. Although the slight baseline drift exist due to the incomplete desorption NO2 in limited
time, the sensor could still detect NO2 after cycles in its operating window. Similar to the
catalytical noble metal NPs, the incorporation of Fe2O3 NPs leads to the formation of
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Fe2O3/ZnO semiconductor heterojunction, which could promote the charge transfer and result
in a depletion layer upon exposure to target analyte, similar to the case of semiconducting (La,
Sr)FeO3 NP decoration on Ga2O3 nanowire sensors.87 The response as a function of
temperature and NO2 concentration was summarized in the 3D histogram as illustrated in
Figure 5-3(e). A linear relationship between response and target analyte’s concentration could
also be observed, with an optimal operating temperature of 400 °C.

Figure 5-3. Structural characterization and sensing performance of Fe2O3/ZnO nanowire
arrays-based sensor: (a) High-resolution TEM images of Fe2O3/ZnO nanowires. (b) Energy
dispersive X-ray mapping showing the elemental (Zn, O, and Fe) distribution. (c) Size
distribution histogram of Fe2O3 nanoparticles on ZnO nanowires. (d) Dynamic current time (It) response towards NO2 detection ranging from 100 ppm to 250 ppm at 200 °C, 300 °C, and
400 °C, respectively. (e) Comparative histogram of response versus NO2 concentration and
operating temperature.

In addition, an current-voltage (I-V) test was also conducted towards NO2 at 400 °C, which
revealed excellent symmetry and linearity of the I-V characteristic indicating the good ohmic
contact between sensing nanoarray and Pt electrode.(Figure 5-4(a)) Although the
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enhancement of sensitivities resulted from Fe2O3 NPs is not as high as that brought by noble
metal NPs, the Fe2O3 NPs endow nanowires sensor the capability to detect trace amount of
NO2 at and above 500 °C due to its good thermal stability. As revealed in Figure 5-4(b), the
Fe2O3/ZnO nanowire sensor demonstrated reproducible sensing responses upon cyclic
injections of NO2 with good recovery at high temperature. It is worth noting that the drastic
decrease in response at high temperature may be due to the decomposition of NO2 into NO.

Figure 5-4. (a) IV response Fe2O3/ZnO under exposure to N2, 500 ppb, and 800 ppb NO2 at
400 °C. (b) The dynamic response of Fe2O3/ZnO towards NO2 detection at 500 oC and 600 oC.

It is clear that both Au and Fe2O3 can improve the response of ZnO nanowire sensors,
while Fe2O3 has enlarged the working temperature window of these nanowire sensors from 400
o

C up to 600 oC due to its higher thermal stability than Au. Here a hypothesis is suggested if a

synergistic effect between Au and Fe2O3 can be achieved, combining Au and Fe2O3 in a hybrid
Au/Fe2O3 NP decoration may endow the ZnO nanowire sensors with both enhanced sensitivity
and improved thermal stability. To assemble the Au NPs and Fe2O3 NPs together, 20 nm wide
Fe2O3 NPs were introduced as the support to the 2-nm Au NPs before the subsequent
decoration onto ZnO nanowire surfaces as sensitizers. Figure 5-5(a) revealed the uniform

74

dispersion of Au NPs as the darker-contrasted nanodots on Fe2O3 particles with uniform
distribution. Similar to the pristine Fe2O3 NPs, the hybrid NPs tend to aggregate together. Very
few free-standing Au NPs were observed due to the strong adhesion between Au and Fe2O3.
Due to the clear size-difference, most of the 2-nm Au NPs were isolated from ZnO nanowire
surfaces by the 20-nm Fe2O3 NPs, forming a unique ZnO-Fe2O3-Au hetero-contact sequence,
i.e., an effective combination of semiconductor-semiconductor heterojunction and metalsemiconductor Schottky contact.
With the hybrid NP sensitizers, a superior sensing performance were demonstrated to both
pristine NP sensitizers in the cyclic gas sensing test. Figure 5-5(b) revealed a giant response
above 1000 upon exposure to 150 ppm - 250 ppm NO2 at 200 oC. With a temperature increase
to 300 ℃, the response is further enhanced due to the promoted NO2 sorption rate and
efficiency. The largest response was obtained at around 400 ℃, with the response reaching
74500 towards 300 ppm NO2 detection (Figure 5-5(c)), where response is calculated as ratio
of final stable resistance under target analyte and its initial value. At an even higher
concentration of NO2, the dynamic current-time response becomes so large that it went beyond
the testing range of the electrochemical analyzer. For better displaying the response numbers,
the corresponding stable values are plotted in the Figures 5-5(d)~5-5(f).
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Figure 5-5. Structural characterization and sensing performance of Au/Fe2O3/ZnO nanowire
arrays-based sensor: (a) TEM images of as-prepared hybrid nanoparticles decorated ZnO
nanowires (Au-Fe2O3/ZnO). Dynamic current-time (I-t) response curve of hybrid nanoparticles
decorated ZnO nanowire arrays upon exposure to NO2 ranging from 150 ppm to 300 ppm at
(b) 200 ℃ and 300 ℃ and (c) 400 ℃. Final stable current response of hybrid nanoparticles
decorated ZnO nanowire arrays upon exposure to NO2 of (d) 200 ppm, (e) 250 ppm, and (f)
300 ppm.

At temperatures above 500 ℃, unlike the Au NPs, much higher stability and reproducibility in
NO2 detection are revealed in high temperature as revealed in Figure 5-6(a). No obvious
fluctuation exists in the response curve and much better recovery is exhibited resulted from
complete decomposition of formed nitrate species

131

. However, the response drops

dramatically as a result of the decomposition of NO2 molecules as suggested by the sensed gas
stream monitoring result shown in Figure 5-6(b). It is noted that the NO2 starts to decompose
to NO and O2 at around 500 °C and the existence of NO is evident in the corresponding FTIR
spectra shown in Figures 5-6(c)~5-6(f). The decomposition of NO2 may change the interaction
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type during the sensing process at high temperature. In the NO and O2 co-adsorption scenario,
nitrites will be formed and part of nitrites are oxidized by the O2. Thus, the response above 500
o

C is much lower than that at elevated temperature (100 oC ~ 400 oC).

Figure 5-6. (a) Dynamic current-time (I-t) response curve of hybrid nanoparticles decorated
ZnO nanowire arrays upon exposure to NO2 ranging from 150 ppm to 300 ppm at 500 oC. (b)
Concentration variations of NO2 and NO with temperature increase. Fourier transform infrared
spectroscopy (FTIR) spectra of injected NO2 at (c) 300 °C, (d) 500 °C, (e) 600 °C, and (f)
700 °C.

The corresponding response is summarized in the histogram shown in Figure 5-7(a). To
verify the optimal assembly configuration of the integrated hybrid nanowires, two control
samples of Fe2O3-Au/ZnO were synthesized using a modified dip coating method through
directly loading of the Fe2O3 NPs onto the Au decorated ZnO nanowires. The NO2 responses
of these differently configured hybrid nanowire devices at 200 ℃ are summarized in the Figure
5-7(b), which showcases a much higher sensitivity in the ZnO-hybrid NP devices than these
control samples. To quantitatively compare the performance of ZnO nanowire based NO2
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sensors in different hetero-contact configurations, the detailed responses and corresponding
response ratios of devices configured by hybrid NPs/ZnO and Au/ZnO as well as Fe2O3/ZnO
are summarized in Tables 5-1 and 5-2, respectively. The ratio of responses reaches the highest
at 200 ℃ and that promotion gradually deteriorates as temperature increases. This is probably
due to the Au NPs’ migration and resulting damage to the initial Au-Fe2O3 Schottky contact.
The response ratio of hybrid NPs/ZnO to Au/ZnO is lower that to Fe2O3/ZnO at 400 ℃, which
may suggest that Au-Fe2O3 Schottky contact plays the dominant role in promoting gas
adsorption and facilitating charge transfer. According to the Tersoff theory
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, the Schottky

energy barrier height is controlled by the variation of the band gap, while the barrier will
decrease with increasing temperature. The adsorption of NO2 may increase the barrier height
and the initially decreased Schottky contact barrier may significantly enhance the sensing
response.133 The efficient charge transfer due to the heterojunction/Schottky contact
configuration in Au-Fe2O3-ZnO greatly facilitates the adsorption of NO2 molecules and
promotes the formation of charge depletion layer. Thus, the Au-Fe2O3-ZnO is determined to
be the optimal structure for free charge carrier transfer upon exposure to target analytes.

Figure 5-7. (a) The 3-D histogram of normalized response as a function of NO2 concentration
and temperature. (b) Comparative histogram displaying response of Au-Fe2O3/ZnO nanowire
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arrays, Au/ZnO nanowire arrays, and Fe2O3/ZnO nanowire arrays and control sample (Fe2O3Au/ZnO nanowire arrays).

Table 5-1. Sensitivity of hybrid NPs/ZnO, Au/ZnO, and Fe2O3/ZnO. The results in red were
obtained with synthetic air as balance gas.
Sensitivity of hybrid
200 °C

300 °C

400 °C

500 °C

600 °C

150 ppm

1141

1981

8247

771

32

200 ppm

3819

8108

18570

875

36

250 ppm

7929

15493

37142

999

39

300 ppm

10019

23695

74283

1152

40

5 ppb

N/A

N/A

1.25

N/A

N/A

6.2 ppb

N/A

N/A

1.31

N/A

N/A

9 ppb

N/A

N/A

1.35

N/A

N/A

18 ppb

N/A

N/A

1.703

N/A

N/A

20 ppb

N/A

N/A

1.89

N/A

N/A

200 °C

300 °C

400 °C

500 °C

600 °C

150 ppm

71

162

4583

NA

NA

200 ppm

123

992

5742

NA

NA

250 ppm

188

4948

99981

NA

NA

NPs/ZnO

Sensitivity of Au/ZnO

79

300 ppm

234

10213

22448

NA

NA

200 °C

300 °C

400 °C

500 °C

600 °C

150 ppm

132

374

1637

32

18

200 ppm

312

1071

1801

35

21

250 ppm

401

1528

1979

41

23

300 ppm

494

1987

2051

47

24

Sensitivity of Fe2O3 /ZnO

Table 5-2. Sensitivity ratio of hybrid NPs/ZnO to Au/ZnO and Fe2O3/ZnO.

Sensitivity ratio of hybrid
200 °C

300 °C

400 °C

500 °C

600 °C

150 ppm

16.17

12.2

1.80

NA

NA

200 ppm

31.01

8.19

3.23

NA

NA

250 ppm

42.66

3.13

3.72

NA

NA

300 ppm

42.82

2.32

3.31

NA

NA

200 °C

300 °C

400 °C

500 °C

600 °C

150 ppm

8.62

5.29

5.78

23.84

1.763

200 ppm

12.24

7.57

8.36

25.2

1.73

NPs/ZnO and Au/ZnO

Sensitivity ratio of hybrid
NPs/ZnO and Fe2O3/ZnO

80

250 ppm

19.77

4.59

9.63

24.56

1.71

300 ppm

20.28

4.94

13.78

24.7

1.65

To validate the NO2 sensing under ambient air condition, a cyclic sensor test was carried
out over NO2 balanced in air as shown in Figure 5-8(a). The NO2 concentration was controlled
between 4 ppb - 20 ppb, with the balance gas generated by compressed air. Excellent
reproducibility and stability are observed in the dynamic response curve and response could
be linearly correlated with target analyte concentration. To demonstrate the long term stability
of as-prepared hybrid NPs decorated ZnO nanowire sensors, a stability test was conducted by
placing the sensor device in 20 ppb NO2 balanced in air at 400 °C for one week and the sensor
response was recorded twice a day as shown in Figure 5-8(b). The response decay is less than
1% after repeated test in one week, suggesting a good robustness of the sensor.

Figure 5-8. (a) Cyclic gas exposure test of Au-Fe2O3/ZnO nanosensors at 400 oC towards ppb
level NO2 detection in air condition. (b) Sensor stability test of Au-Fe2O3/ZnO under 20 ppb
NO2 in air at 400 oC for 7 days.
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The incomplete recovery occurred at the high concentration NO2 detection might be due to a
strong affinity of NO2 on the ZnO-Fe2O3-Au hetero-contacts, leading to a lengthy recovery.
To identify the detection limit of these hybrid nanowire sensors, a gas stream containing ppb
level NO2 was-prepared and tested over the sensors. In addition, the hybrid NPs decorated ZnO
nanowires sensor demonstrated reproducible and fast response towards ppb level NO2 as
depicted in Figure 5-9(a) and corresponding responses were summarized in the 3D histogram
shown in Figure 5-9(b). The low NO2 coverage upon low concentration shortened the recovery
process in comparison to the high concentration detection.

Figure 5-9. Au/Fe2O3 Hybrid nanoparticles decorated ZnO nanowire arrays: (a) current
response as a function of time upon exposure to ppb level NO2 at 200 oC, 300 oC, and 400 oC.
(b) 3D histogram of sensitivity under variant temperatures.

It is noted here, when compared with reported work over the past, significant sensor
performance improvement has been observed through the ternary heterojunction construction
in the Au-Fe2O3/ZnO nanosensors. The detailed device design and corresponding sensitivities
are summarized in Table 5-3, where the sensitivity is converted into response per ppm for a
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better comparison. The sensitivities reported in the table are calculated based on the best
sensing performance operated in optimal operating temperature. The sensors listed in the table
are generally synthesized with binary nanostructures and the optimal sensitivity obtained from
Pd/In2O3 is similar as that of Au/ZnO sensor reported in our work. Clearly, the ternary hybrid
Au-Fe2O3/ZnO nanostructures further boosted sensitivity by 4 times to 247 with a much better
thermal stability. It is noted that the air is used as a common choice for balance gas which
could on the one hand simulate the practical condition, on the other facilitate the resistive
sensor recovery. However, the O2 in balance air would react with most sensor materials
forming charge depletion layer, leading to the competitive adsorption which may influence the
target analyte responses.134 In this study, the interaction of ZnO and NO2 is much stronger than
O2 and therefore adsorption of NO2 may play a dominant role and even impede the O2
adsorption in NO2 sensing. Thus, the results using N2 as balance gas in this work can be
representative to the air balance situation as well. Furthermore, the validation was successfully
achieved earlier for the low concentration NO2 detection under cyclic and long-term sensor
operation.

Table 5-3. Configuration and performance of various metal oxide semiconductor-based NO2
gas sensors, their nanostructures, and operating temperature window, where sensitivity is
calculated based on Rg/Ra per ppm.
Materials

SnO2

Nanostructure

Nanoslab

Temperatur

Balance

Sensitiv Referenc

e range

gas

ity

300 °C

N2

12.9

network

83

e
135

1.5 at% Ni/ZnO

Thin film

150-225 °C Air

0.05

136

polyethyleneimine/W

Nanoparticles

50-175 °C

Air

48

137

Nanowire

200-400 °C Air

1.2

138

NixZn1-xO

Thin film

150 °C

Air
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5.3.3. Thermal Stability Study
To further understand the performance of ZnO nanowire sensors of different hetero-contact
structures, a systematic STEM characterization has been carried out to study their
nanostructure changes. After high temperature sensing test, a severe agglomeration of Au NPs
in Au/ZnO sensor was observed in Figure 5-10(a), with a diameter increase by nearly ten times
as compared to the freestanding Au NPs, as evidenced in Figure 5-10(b). Agglomerated Au
NPs may dramatically decrease the surface area and weaken their catalytic ability in promoting
gaseous analyte dissociation and adsorption. In comparison, the higher stability in hybrid NPs
is achieved by an adhesive support of Fe2O3 NPs with good thermal stability. The TEM image
shown in Figure 5-10(c) displays the uniformly dispersed Fe2O3 NPs as retained after sensing
test. No obvious agglomeration was observed while the size and shape retained in comparison
with the as-prepared samples. The diameter distribution of Fe2O3 NPs is presented in the
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Figure 5-10(d), with the average size of Fe2O3 NPs kept the same at high temperature. Thus,
the good stability of Fe2O3 NPs might have enabled the ZnO nanowire arrays with hybrid NPs
to possess robust and reproducible responses towards NO2 detection at high temperature. As
seen in the Figure 5-10(e), it is noted that, through incorporation of Fe2O3 NPs, the stability
and reproducibility of ZnO-Fe2O3-Au nanowire sensor device were significantly improved.
Besides, A much higher sensitivity is observed when compared with pristine Fe2O3 decorated
ZnO nanowires due to the catalytic sensitizing effect from Au NPs

152

. The Fe2O3 supports

could also mitigate the migration of Au NPs through a strong metal-support interaction,
limiting agglomeration of Au NPs at high temperature. It can be seen that the average diameter
of Au NPs is slightly increased to ~5-6 nm as indicated by Figure 5-10(f). Besides, a much
broader distribution of Au NP sizes indicates that the inclusion of Fe2O3 NPs could effectively
restrain the migration and agglomeration of decorated Au NPs, thus stabilizing the sensing
performance of ZnO sensors at elevated temperature.
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Figure 5-10. TEM images and histograms showing the morphology and size distribution of
(a)-(b) Au/ZnO nanowire arrays, (c)-(d) Fe2O3/ZnO nanowire arrays, and (e)-(f) AuFe2O3/ZnO nanowire arrays after high temperature sensor testing.

5.3.4. Sensing Mechanism Study
To understand the enhanced electron transfer efficiency via the metal-semiconductor
hybrid NP decoration on the ZnO nanowire sensing, a schematic band offset model is
established in Figure 5-11 across the Au/Fe2O3 Schottky contact and Fe2O3/ZnO
semiconductor heterojunction. Upon exposure to NO2 molecules, electrons may transfer first
from ZnO to Fe2O3, and then to Au to achieve equilibria of the respective Fermi levels across
the semiconductor heterojunction and semiconductor-metal Schottky contact. On the other
hand, due to the catalytic effect, the Au NPs preferentially dissociate and adsorb NO2
molecules, and spill over to the less adsorbed ZnO semiconductor surface. Figure 5-11(a)
illustrates the dynamic modulation of electron depletion layers that can be used to explain the
gas sensing and charge transfer mechanism of n-type semiconductors such as ZnO used here.18
The semiconducting Fe2O3 NP on the surface of ZnO nanowires forms a heterojunction barrier,
governing the electron transport across the interfaces.153-154 Meanwhile, the lower Fermi Level
of Fe2O3 than ZnO

129

allows directional transfer of electrons from the conduction band

minimum of ZnO to that of Fe2O3 when exposed to NO2. Thus, an electron depletion layer
forms at the semiconductor heterointerface, leading to a significant chemical and electronic
sensitization towards NO2 detection. Besides, the Fe2O3 nanoparticles may also interact with
NO2 and consume the electrons within Fe2O3 which drive electrons transfer from ZnO to
Fe2O3, leading to thicker depletion layer in ZnO.155 The Schottky contact forms in the

87

Fe2O3/Au interface, as depicted in Figure 5-11(b). Upon exposure to NO2, the electron may
transfer from Fe2O3 to Au NPs to attain the Fermi Level equilibrium. The sequential construct
of metal-semiconductor Schottky contacts and semiconductor heterojunctions greatly
facilitates the electron transfer forming a chain charge transfer effect, leading to the excellent
electronic sensitization via hybrid NPs. The decorated Au NPs induce a catalytic sensitization
by enhancing chemisorption of NO2 molecules.156 Besides, the spillover of target gaseous
species is activated by the populated Au NPs supported by each Fe2O3 NP interfaced with ZnO
nanowire, while the rate of electron consumption through nitrate formation can be dramatically
increased on the host ZnO nanowire surface.157-158 In short, the free charge carriers’ transfer
and spillover effect in the hybrid interfaces lead to the enhanced interaction between ZnO
sensor and target gas species, which subsequently induces a gigantic response and therefore
giant response to NO2 exposure. As summarized in Figure 5-11(c), Fe2O3 supported Au NPs
greatly enhanced ZnO nanowire NO2 sensors, with a giant response achieved as high as tens
of thousand at temperatures from 200 oC to 400 oC, and the broadest working temperature
window up to 600 oC, among different heterostructured ZnO nanowire sensors.

88

Figure 5-11. Schematic band offset diagrams across the interfaces of: (a) ZnO/Fe2O3 and (b)
Fe2O3/Au upon ZnO/Fe2O3/Au nanowire sensor exposure to gaseous NO2. (c) Response as a
function of temperature for different hetero-contact configured ZnO nanowire sensors

5.4. Conclusion
In summary, hybrid NPs composed of Fe2O3 and Au have been successfully decorated on
the surface of ZnO nanowires, forming a unique sensitizer that boosts the nanowire sensors’
response and thermal stability. Facilitated by the hybrid NPs, a giant response was achieved as
high as 74500 over NO2 detection at 400 oC, while with a stable sensing performance at
temperatures up to 600 oC. The unique synergy in the hybrid NPs is attributed to the chain
charge transfer across the Au-Fe2O3 Schottky contact besides the Fe2O3-ZnO semiconductor
heterointerface, the spill-over catalytic effect from monodispersed Au NPs, and high surface-
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to-volume ratio. Under ambient air condition at elevated temperature, 20 ppb NO2 detection
was achieved with a good cyclic performance and a good stability throughout a 7-day sensor
operation. The metal-semiconductor hybrid NPs provide a new type of sensitizers for
promoting the sensitivity as well as the stability for chemical sensors with a broad operation
temperature window, which can be applied in various industrial and energy generation
processes and associated emission control systems.

Chapter 6. Single Bimodular Sensor for Smart Detection of
Oxidative Gases
Semi-conductive metal-oxide sensors suffer from cross-sensitivities under mixed chemical
condition, specifically upon mixture of multiple oxidative or reductive gases. Herein, a single
bimodular sensor has been demonstrated for smart differentiation of multiple oxidative
analytes by relating the resistance-metric mode to impedance-metric mode. The sensor
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construct based on ZnO nanorods readily outputs three response datasets upon exposure of
oxidative-gas mixture including O2, SO2, and NO2, the resistance, real part impedance, and
imaginary part impedance. The differentiative and correlated nature between these response
signals allows such a single sensor platform to differentiate these oxidative gases accurately
and robustly. Linear and non-linear decision boundaries were established over a large gasconcentration range from 2 ppm to 3 % through a combination of principal component analysis
and artificial neural network training. A facile user interface was demonstrated for recognition
and measurement of unknown gas analytes, with the error of the predicted analyteconcentration as low as 2 %. This chapter is based on my published article.159
Key words: multiple mode sensing, selectivity, machine learning
6.1. Introduction
Pursuing the smart sensors that can recognize multiple gas species and precisely quantify
the analyte concentrations is a lasting trend of chemical sensor development. To date, the solidstate sensors are mainly fabricated with metal oxide chemiresistors which are ideal in size and
power efficiency for gas monitoring.9-10, 160-161 However, they usually suffer from the crosssensitivities and thus poor selectivity in multi-component gas mixture sensing due to their notso-distinct ability to respond to a broad spectrum of oxidative or reducing analytes.83 Thus with
such resistive sensors, quantitative measurements and unequivocal determination of mixed
gaseous analytes face a great challenge for their adoption in many applications.84-86
To tackle on the selectivity in mixed gases detection, various strategies are usually taken,
such as i) incorporation of metal catalysts or heterostructures to tune their sensitivities to target
analytes,162-164 ii) measurement of analytes in working modes, such as optical165, capacitive166,
field effect transistor (FET)167, alternating current (AC)168 and SAW modes169-170, to acquire
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characteristic pattern of target analyte species, iii) collection and analysis of dynamic sensor
responses instead of static one in response to a gas modulation30,

171

or a temperature

modulation172, and iv) construction of array of nonspecific sensors and pattern recognition
techniques applied to process sensor signals.173-174 It is noted that the enhanced sensitivities
due to incorporation of noble metal, heterostructures, and other working modes may increase
the cross-sensitivities to interfering gaseous analytes as well. The modulation of gas sensing
response is difficult to predict in practice due to the usual involvement of environmental
parameters such as humidity, temperature, and gas flow rate. Meanwhile, the adjustment of
analyte concentration is computationally more complex during a real-time gas detection
process. In previous studies,175

the pattern recognition strategy using gas sensor arrays have

been proved to be an efficient approach for selective gas sensing. In the sensor array, the
recognition of gas species and quantitative measurement of gas concentrations are achieved by
processing physically-equivalent sensing signals from individual sensors comprising the
sensor array. For example, Zou et al.176 utilized Mg-doped In2O3 nanowire FET sensor arrays
decorated with discrete metal nanoparticles to differentiate three reducing gases (CO, H2, and
C2H5OH) with high sensitivity (>10 per ppm), fast response (~4s) and low detection limit
(~500 ppb). Lipatov et al.177

demonstrated that rGO-sensor arrays could effectively

distinguish chemically akin volatile organic compounds (VOC), such as methanol, ethanol,
and isopropanol, using artificial neural networks (ANN).

However, the complex synthesis

and fabrication protocol may hinder the applications of sensor arrays, especially upon
operation under extreme environments. In addition, the increasing number of sensor devices
and the resultant complex electrical wiring may dramatically increase the device susceptibility
to potential system malfunctions.93
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Similar to those datasets extracted from a sensor array, besides the sole electronic conductance,
SAW, potentiometric, and piezoresistance signals could also be extracted from an individual
sensor output. As such, correlating the characteristic signals from multiple sensing modes built
in a single sensor device could be a promising approach to enable the facile device fabrication,
deployment, and pattern-recognition. For instance, the direct current (DC) measurements offer
us the feedbacks from sensitivity, selectivity, and response time. While the impedance
measured in AC mode allows the capabilities of quantifying the dielectrical contribution from
the bulk, surfaces or interfaces, grain boundaries, electrode contacts, and even substrates.178 In
such a sensor with multiple measurement modes, the unique pattern of different gas species
would be established based on their conductivity and dielectric properties variation revealed
as the different response in resistance mode and impedance mode. Thus, different target
parameters could be detected simultaneously by correlating the characteristic signatures from
individual analytes as derived from the global response. In comparison to the sensor arrays,
the pattern recognition capabilities of multimode sensor are achieved with variation of their
intrinsic properties such as conductivity and permittivity. While the sensor arrays achieve
pattern recognition via different response extracted from different materials or different pairs
of electrode-semiconductor interface and such distinct patterns are based on statistics and
mathmatics. Thus, the sequent data processing on the obtained dataset with random distinction
lacks physical meaning.
In this study, we report a facile pattern recognition strategy based on inter-correlation of
electrochemically impedance-metric mode and electrically resistance-metric mode using a
single gas sensor using ZnO nanorod array (nanoarray) as the sensing element. A quantitative
analysis and differentiation were achieved over three oxidative gases including NO2, SO2, and
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O2. Our rational integration of resistance mode and impedance mode into one single device
could enable simplified "one pair of electrodes" electrical feedthrough to transmit signal. In
addition, the in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
technique was employed to investigate gas sensing mechanism. The interaction of different
gas analytes with ZnO nanorods may result into different response patterns in both AC and DC
domains. The frequency dependent real part impedance and imaginary part impedance
responses extracted from electrochemical impedance spectroscopy (EIS) could be employed
to build a signature for each individual
sensing behaviors.179

analyte

based on their significantly different

For both qualitative and quantitative analyses, the PCA was employed

to transform the multiple sets of raw signal database into a computer identifiable patterns. After
the ANN training, a library of known oxidative gas analytes is generated, with the decision
boundaries plotted based on the distribution of known data points. The pattern recognition and
quantitative analysis could be manifested if its signal pattern belongs to the corresponding
classified region(s).

6.2. Experimental Section
6.2.1. Synthesis of ZnO nanorod arrays
Zinc Acetate Dihydrate (Zn (CH3COO)2·2H2O) and hexamethylenetetramine (HMT) were
purchased from Fisher Scientific Inc. For the purpose of enhancing the growth rate and
uniformity, a typical microwave-based continuous flow hydrothermal synthesis approach was
employed to synthesize ZnO nanorod arrays. A 30-nm ZnO seed layer was deposited on the
substrate with pre-doped interdigitated Au electrodes via RF magnetron sputtering system
(Torr, Inc.). To enhance the crystallinity and affinity, the as-prepared seed layer was annealed
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at 350 °C for two hours. The equal-molar of 12.5 mM Zn (CH3COO)2·2H2O and HMT was
utilized as the precursor solution and stirred with magneton for 30 minutes until the complete
dissolution. The substrate with pre-doped seed layer was kept suspended in the precursor
solution and the reaction beaker was heated with the microwave oven. Through adjusting the
power of microwave and working time duration, the temperature was kept stable at
approximate 95 °C. Upon the reacting temperature reached above 90 °C, the residual refreshed
precursor solution was injected into the bottom reactor and driven out from the top by a group
of mechanic peristaltic pumps to maintain the stable reagents’ concentration. The flow rate
was set at approximately 5 mL/min and the overall precursor solution was kept at around 200
mL. SEM characterization was performed by a JEOL field emission scanning electron
microscope (FE-SEM) to characterize the composition, dimension, and morphology of ZnO
nanorod arrays.

6.2.2. Real-time Gas sensing measurement
The sensor, integrated with a read-out circuit was located in a high temperature-resistant
alumina tube through which the Pt electrical leads connect the device under test with the
outside electrochemical analyzer. A calibrated amount of SO2, O2, or NO2 diluted in ultra-high
purity nitrogen (N2) was injected into the reactor chamber with programmed concentrations
and a total gas flow rate of 1500 standard cubic centimeter per minute (sccm) as controlled by
a mixing gas generator (Gas Mixing System, Environics Inc.). The electrical resistance was
determined by measuring the electric current using a CHI 6001D electrochemical workstation
under a constant bias of 1 V at operating temperatures. And the impedance was measured under
the AC with amplitude 0.2 V and 200 °C. The frequency scanning range was set between 1-
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1M Hz and 72 datapoints were collected in every section. Each segment was measured three
times until the electrical signal became stable when exposed to target analytes and every
impedance spectrum was derived from the mean value of the measured impedance response.

6.2.3. In situ DRIFTS measurement
DRIFT spectra were measured using NicoletTM iS50 FTIR Spectrometer equipped with a
Tungsten-Halogen white light source and an MCT detector working between 400 and 4000
cm-1. Spectra were recorded at a 2 cm-1 resolution and 64 scans were averaged for sample
spectrum. In each testing segment sample was added to the holder within the vacuum cell until
the reproducible reflecting planes were obtained. Then the samples were treated according to
the following procedure: (1) pretreated in N2 flow at 300 °C for 1 h and then cooled down to
room temperature. (2) background spectrum was recorded at 200 °C using sample powders
purged in N2. (3) The target analytes flow (NO2, SO2, and O2) was introduced to samples until
saturation and sample spectra were recorded on the basis of background spectrum.

6.2.4. Database establishment
The response (DC resistance response) measured in the resistance-metric mode was
calculated based on the ratio of final stable resistance and initial value. And the response of
impedance was divided into two parts, the sensitivities of real part impedance and imaginary
part impedance. As the impedance response in low frequency region reach the maximum value,
the responses measured between 20-100 Hz were collected to establish the database. The table
of response containing three columns (dimensions) was built for further pattern recognition,
where the first column is the DC response, the second column is the real part impedance
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response, and the third one is imaginary part impedance response. To make the datapoints
distribute uniformly, all of the sensitivities were derived from the logarithm of their initial
values.

6.2.5. Recognition data processing and analyses
To identify the patterns of raw data, the Principal Components Analysis (PCA) was conducted
to process the obtained database. We began with calculating the mean value and the adjusted
raw data-set was obtained by subtracting the mean value from each column. Then the
eigenvectors and eigenvalues were computed based on the covariance matrix and the
covariance matrix is a 3×3 matrix as the original data-set is 3 dimensional. In the next step, the
principal component was chosen to form a feature vector. Finally, raw data-set could be
projected to a 2D plane via multiplying the feature vector on the adjusted raw data-set.
In solving a narrow range of classification problems, the Perceptron, which is a simple
single-layer classifier, was utilized to divide the input data-set with a linear decision boundary.
Three 2×1 output matrix [0 1]', [1 1]', and [1 0]' were utilized to define the NO2, SO2, O2 and
their corresponding classified regions, respectively. Then the hard limit transfer function was
used to train the obtained data-set. Perceptron was one of the first neural networks to effectively
solve classification problem. Although their learning rules are easy, the precision in
recognizing the tested cases beyond the training-set is limited.
The automatic classification of datapoints of different gas species with non-linear decision
boundaries was achieved by a multilayer perceptron-type artificial neural network with the
assistance of MATLAB. Firstly, 3 clusters represent NO2, SO2, and O2 were defined with
output coding [-1, -1, +1]', [-1, +1, -1]', and [+1, -1, -1]' respectively. And then a feedforward
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network180-181 was created, which consists of a series of layers. The first layer has connection
from the network input and each subsequent layer has a connection from the previous layer.
Then the final layer may generate the network’s output. The default Scaled Conjugate Gradient
algorithm182 was used for training the pattern recognition networks and the networks diagram
was plotted in the supporting information. Each time a neural network is trained, different
solution could be obtained towards the same problem due to different initial weight and bias
values. Thus, the final figures were plotted using the most common results after several times
of retraining.

6.3 Microstructure of Nanomaterials and Sensor Device
Uniform ZnO nanorod arrays were grown on the surface interdigitated electrodes using a
microwave-assisted hydrothermal method and the corresponding sensor configuration is
shown in Figure 6-1(a). The platinum wires were utilized to electrically connect the device
and electrochemical analyzer. The gas sensor testing set-up is displayed in Figure 6-1(b),
including a gas-mixture injection system, an electrical tube furnace, a quartz tube, and an
electrochemical analyzer. The gas analytes were injected into the quartz tube via a
programmable gas-mixture generator to control the gas flow rate and concentration. Figures
6-1(c) and 6-1(d) illustrate the active region of this sensor device which consists of a 2 × 5
cm2 SiO2/Si substrate with pre-deposited Au electrode fingers, where both width and gaps of
electrode fingers are ~20 µm. The ZnO nanorod arrays are uniformly distributed throughout
the substrate, with distinct gap and electrode regions. The SEM images in Figures 6-1(e) and
6-1(f) display the as-prepared ZnO nanorod arrays from both top and cross-sectional views.
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The ZnO nanorod is of a width of ~200 -500 nm and a length of around 6-7 µm. It is clearly
observed that individual nanorods touch each other and such interconnections could bridge the
nanorods to enable the mobility of free charge carriers (electrons) within the nanoarrays.

Figure 6-1. (a) Schematic depicting the electrode configuration of ZnO nanorod arrays grown
on the SiO2/Si substrate. (b) Corresponding gas detection system experimental setup. Active
region of sensor device (c) without and (d) with grown ZnO nanorod arrays on the substrate.
(e) Top view and (f) cross-sectional view SEM images of as-prepared ZnO nanorod arrays on
the sensor substrate.

ZnO is a typical n-type semiconductor and free electron concentration may decrease upon
exposure to oxidative gases due to the formation of electron depletion layer.131, 183 Limited
selectivity could be achieved due to the difference in their responses, where response is defined
as the ratio of resistance under target analyte exposure and that of the initial response in air
balance. According to the DRIFTS spectra revealed in Figure 6-2, the major products of
adsorption of NO2 on ZnO are stable nitrate species (NO3-) including the monodentate nitrates
(at ca. 1530 cm-1), bidentate nitrates (at ca. 1571 and 1599 cm-1), and bridging nitrates (at ca.
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1230 and 1299 cm-1). The monodentate sulfite species (SO32-) (at ca. 833 and 1002 cm-1) would
be generated during interaction between SO2 and ZnO. The reactive O2 would be physiosorbed
on the defect-free ZnO and dissociatively chemisorbed at the oxygen vacancy sites (Vo), with
one O atom filling the Vo.184 It is noted that the chemisorption of NO2 and SO2 not only alters
the concentration of free electrons within ZnO nanorods but also changes the dielectric
property of ZnO due to the formation of surface nitrates or sulfites. Such variation relating to
the bound charges would be solely revealed in the impedance mode responses consisting of
real part and imaginary part.

Figure 6-2. In situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)
study of interaction of ZnO and NO2, SO2. The spectra were obtained under 200 °C.

6.4. Impedance Sensing Mode
To provide an effective recognition strategy, the diversity in sensing responses is necessary
to establish a characteristic pattern for detecting a certain gas specie. To meet such a need, the
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electrochemical impedance mode has been added in the nanorod resistive sensor. Similar to
the operating principle of electrical resistance mode, the electrochemical impedance spectrum,
revealing the materials' electrochemical responses to the surrounding environment, is
measured based on the ratio of voltage to current in the frequency domain. The equivalent
circuit of ZnO nanoarray sensor could be regarded as a typical Randles Circuit as depicted in
Figure 6-3. R1 and C1 represent the time-constant resistance and capacitance within the ZnO
nanorod arrays, respectively. The parallel circuit element (R2||C2) corresponds to the resistance
and capacitance of gas dependent interfaces, which are of a major contribution to the
impedance-metric response to NO2, as illustrated as the big arc shown in the low-frequency
region. The Warburg impedance resulted from the gas diffusion process is ascribed as Zw,
which could be only observed at the low frequency regime.185-186 The imaginary part of
impedance could be derived as the following function:
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Upon exposure to oxidative gases, free electrons would be consumed as a result of interaction
between gas molecules and ZnO surface, i.e., chemisorption of gas molecules onto ZnO
surfaces. The electronic conductance is linearly dependent on free electron concentration
within the semiconductor and thus reduced free electron concentration results into an enhanced
resistance. According to Mott-Schottky Equation, the capacitance (Csc) of an n-type
semiconductor is given by:187
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where 𝜀gp is the relative permittivity (dielectric constant), 𝜀t is the vacuum permittivity, e
is the charge of electron, Nd is the donor concentration, E is applied electrical potential, k is
the Boltzmann constant, and T is the absolute temperature.

Figure 6-3. Equivalent circuit of ZnO nanorod arrays gas sensor sensing active region. R0
represents phase constant contact resistance.

The impedance-metric mode also demonstrates the good reproducibility through dynamic
impedance-time response as displayed in Figure 6-4, where imaginary part of impedance
response (Z”) and real part of impedance response (Z’) were measured under a constant
frequency of 200 Hz. The presence of NO2 reversibly alters the impedance in a repeatable
pattern, which was projected to be linearly dependent on the concentration of target analyte
(NO2).
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Figure 6-4. Dynamic response of (a) real part and (b) imaginary part of impedance. The
impedance would increase when the sensor device is exposed to NO2 and recovery could be
driven by the balance gas when the NO2 is released. The response of sensor towards NO2 could
be fitted into a linear function versus concentration of target analytes.

6.5. Correlation of dual sensing modes
The typical oxidative sensor responses of ZnO nanorod arrays are summarized in Figure 65(a) towards 4-6 ppm NO2, 1000~3000 ppm O2, and 30~50 ppm SO2. It is noted that these
oxidative gaseous analytes could not be distinguished based on single electrical resistance
feedback, thus selectivity is poor in this scenario as the responses to these gas analytes are
similar quantitatively. Under constantly applied external potential at ambient temperature, the
capacitance increases with increasing concentration of oxidative gases. Increase of both
imaginary and real parts of impedance results into a larger arc as revealed in Figure 6-5(b).188
Similar results were obtained for SO2 and O2 as well, with the Figure 6-5(c) and Figure 6-5(d)
exhibiting the sensor impedance responses upon exposure to these oxidative gases of different
concentrations. The sensing behavior is mainly attributed to changes of dielectric property of
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gas-dependent interfaces in the frequency domain, as a result of the gas adsorptions and
associated electrochemical reactions.189 It is worth pointing out that the impedance responses
towards the different oxidative gases are significantly different although their responses in
electrical resistance mode are similar. In the impedance mode, the variation of capacitance is
considered of the overall impedance response. As indicated by the DRIFTS spectra, the sulfites
and nitrates would be formed on the surface of ZnO upon exposure to SO2 and NO2 and these
resultants would gradually modify the relative permittivity (𝜀gp ) of ZnO, while physi-sorbed
O2 will not alter the overall permittivity. Thus, the response of the AC impedance mode would
not only rely on the variation of free electron concentration, but also the chemisorption or
physisorption induced defect or chemical species that may contribute to a diverse sensing
behavior. Such a diversity in sensing behaviors at the frequency domain provides a unique
signature for identifying a certain gas specie, making it feasible in establishing a meaningful
training-set database for gas specie recognition.
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Figure 6-5. (a) Typical resistance-metric responses towards NO2, SO2, and O2 at their
respective concentration regions. Corresponding electrochemical impedance spectra at the
presence of (b) O2, (c) SO2, and (d) NO2 of different concentrations. The alternative current
(AC) bias is set at 0.2 V, with an operating frequency range from 1Hz to 1M Hz.

In order to build a pattern recognition knowledge database for gas analyte discrimination,
the sensing responses in three forms, i.e., electrical resistance, real part of impedance, and
imaginary part of impedance, were summarized in the response matrix Rm×n. Each column
represents a distinct sensing mode, and rows corresponding to one specific target gas of a
specific concentration as measured in a certain frequency. Resistive responses were measured
based on Rg/Ra, where Rg and Ra represent the electrical resistances under target gas and initial
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value in balance, respectively. The impedance-metric responses were expressed as the ratio of
impedance under target analytes and its initial value. It is noted that significantly enhanced
selectivity has been achieved via the incorporation of a second sensing mode, i.e., the
impedance mode, which could measure variations of frequency-dependent resistance,
capacitance and dielectric property. For example, the chemisorption of NO2 and SO2 may alter
the relative permittivity of ZnO surface that could only be detected to a substantial degree by
impedance mode, therefore the gas species could be differentiated based on the unique
properties revealed by the AC impedance mode. The scheme detailed in the Figure 6-6(a)
summarizes the overlapping and distinct differentiation of resistance mode and impedance
mode. The obtained database was scattered into a three-dimensional (3D) space database
(Figure 6-6(b)), with the responses derived in a logarithm scale. These data points illustrated
in different colors are observed to aggregate to different clusters according to the specific type
of tested gas species. Thus, the analyte species and their corresponding concentrations could
be simultaneously detected via investigating which cluster it belongs to and its corresponding
location, respectively.
Generally, it is difficult to plot the response vectors and make further recognition if more
than 3 response variables are adopted. The PCA could be used as an effective statistical method
to reduce the dimensionality of the established experimental data-sets and maintain the major
information through a covariance analysis.190 Utilizing the MATLAB and self-programmed
PCA code, the database was projected into a 2D plane as depicted in Figure 6-6(c).

The new

data-set was derived by transforming the initial response matrix with eigenvectors of
covariance matrix. The mathematic derivation is detailed in the PCA code as attached in the
Supporting Information. The cumulative variance of the principal components (PC1 and PC2)
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is 99.4694%, indicating that the major information is maintained from the raw database.
Similar to the raw data-set, the datapoints are grouped into clusters as represented in a specific
pattern. It is worth noting that the data points on the same line were obtained from analytes of
the same concentration. The discrimination capability has been well demonstrated for gases
species recognition and concentration estimation.
However, to practically recognize gaseous analytes and quantify their concentrations are
usually calculation- and time-intensive through human labor. In this study, a perceptron-type
artificial neural network (ANN) has been employed to analyze the obtained data-sets to
simplify the gas recognition process and improve the user interaction of sensor devices. Two
linear decision boundaries were built to automatically classify the clusters with the machine
learning code as revealed in Figure 6-6(d). The matrix [0 1]', [1 1]', and [1 0]' were utilized to
label the NO2, SO2, O2, and their corresponding classified regions, respectively. With the linear
boundaries defining the analyte species region, the new unknown testing datapoints could be
easily distinguished by figuring out the location of test points with the obtained training-set.
Without the information of gas specie and its concentration, the test point labeled by the red
point was found to locate in the region [0 1]' and it is consistent with the preset parameters (5.9
ppm NO2) of tested analyte. Thus, the pattern recognition of tested gases within the trainingset could be achieved by the linear decision boundaries.

107

Figure 6-6. (a) The Scheme summarizing relationship of resistance mode and impedance mode
built in the single nanorod sensor. (b) The 3D space in which data points of 4-6 ppm NO2, 3050 ppm SO2, and 1000-3000 ppm O2 were scattered, where x axis is response measured in DC
bias, y axis represents real part of impedance response, and z axis is imaginary part of
impedance response. (c) The projected 2D figure through PCA process. (d) Analyte
recognition via artificial neural networks. Two linear decision boundaries were employed to
classify the gas species.

However, if the concentration of test analytes is beyond the database used to train the
artificial neural works, as displayed in Figure 6-7(a), the output matrix is [0 0]' for the 2 ppm
NO2, which delivered a wrong output coding for the NO2 cluster. The neural network training
based on a multilayer perceptron is required to build non-linear decision boundaries for
recognizing the tested gases beyond the ranges of the training-sets. As demonstrated in Figure
6-7(b), the classification of data points via non-linear decision boundaries was conducted based
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on the distribution pattern of data points belonging to different gas species. Under such
conditions, the tested 2 ppm NO2 was correctly assigned to the NO2 region as trained with 4-6
ppm NO2. The detailed structure of the multilayer perceptron employed in transforming the
input sensor data is plotted in Figure 6-7(c), which is constituted by an input layer, two hidden
layers, and two output layers.

Figure 6-7. (a) Plot of perceptron training-set where the gas species clusters were defined with
linear decision boundaries. The red solid circles represent the tested points which are beyond
the training-set used to train the artificial neural networks. The output doesn’t correspond to
the NO2 matrix revealing the limitation of pattern recognition of tested points beyond the
training set. (b) The pattern recognition of tested point beyond the training-set by non-linear
decision boundaries. (c) Schematic of multi-layer perceptron type artificial neural networks.
The first hidden layer has connection from the network input and each subsequent layer has a
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connection from the previous layer, where w is weight factor, b represent bias, and f is the
activation function.

The precision and detection range of pattern recognitions are determined by the
completeness of training-set and database. To conduct selective sensing and establish a simple
user-interface program for the large-concentration range detection of three common oxidative
gases in this work, a complete database based on impedance-metric mode and resistance-metric
mode has been established for 5 - 500 ppm of SO2, 1000 ppm - 3% of O2, and 2-500 ppm of
NO2. The relationship of response as a function of target gas concentration was summarized in
the Figure 6-8(a). It is noted that the sensitivities are not linearly correlated to the gas
concentrations due to the adsorption saturation with the increasing exposure and the surface
coverage of analyte molecules. The corresponding impedance-metric spectra were
demonstrated in Figure 6-8(b), Figure 6-8(c), and Figure 6-8(d). To eliminate the
experimental error in calculating the responses, each segment was measured 3 times until the
feedback signals become stable, with the final spectra derived from the mean values of these
original data. As the interactions between these gases and ZnO are different, the diversity in
sensing mechanisms to these analytes resulted in different sensing behaviors in the AC and DC
domains. In comparison to O2 and SO2, the generated stable nitrate species upon exposure to a
trace amount of NO2 may lead to the remarkable imaginary part impedance response. Evidently,
the responses towards 2 ppm NO2 could reach as high as 1868 at 80 Hz while the response
towards 3% O2 is ~ 61.5.
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Figure 6-8. (a) Resistance-metric responses of a typical single nanorod sensor towards 2-500
ppm NO2, 5-500 ppm SO2, and 1000 ppm – 3% O2; And the corresponding electrochemical
impedance spectra in the presence of (b) O2, (c) SO2, and (d) NO2 with different concentrations.
The alternative current (AC) bias is set 0.2 V, with an operating frequency range from 1Hz to
1M Hz.

The impedance-metric response of the nanoarray sensor displayed the largest responses in
the low frequency domain and thus the responses measured between the 10-200 Hz were
employed to establish the pattern recognition training-sets. After PCA transformation, the
obtained data-set is projected in the 2D plane shown in Figure 6-9(a). Similarly, the data points
of different gas species are observed to group together and every line represents the response
measured from the gas of a specific concentration. While a larger database may result in a more
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complex distribution scenario, where there is no obvious linear decision boundary between
individual analyte clusters. The perceptron-type pattern recognition was carried out through
the ANN training as shown in Figure 6-9(b). Two tested gases, with given information of
resistance responses, real part impedance responses, and imaginary part impedance responses,
were detected to be 14684 ppm O2 and 525.81 ppm NO2. The projection of 525.81 ppm NO2
and 14684 ppm O2 on the perceptron type training-set are labeled by green and red solid circles.
The specific concentrations of tested gases were calculated based on their fitted function after
species recognition, with the error controlled under 2%. With self-programmed coding using
MATLAB, the detailed concentration of tested gases was calculated based on their fitted
polynomial function after species recognition with the error controlled under 2%.

Figure 6-9. (a) Processed 2D figure revealing datapoints obtained from responses of a single
nanorod sensor upon exposure of 2-500 ppm NO2, 5-500 ppm SO2, and 1000 ppm – 3% O2
after PCA transformation. (b) Graphic pattern recognition of tested points within or beyond
the training-sets revealed as non-linear decision boundaries.

In addition, such multiple mode sensor still possesses the capabilities to detect the reducing
gas via artificial neural network. As displayed in Figure 6-10, when the response data of NH3
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is included into the training set. A new region representing NH3 will be generated with new
decision boundary. As thus, a facile user-interface program was successfully established here
to enable the automatic output of gas species information as well as the corresponding
concentrations.

Figure 6-10. Response towards 30 ppm ~ 50 ppm NH3 in (a) resistance mode and (b)
impedance mode. (c) The projected dataset on 2D plane after PCA data processing. (d)
Training set defining different analytes species with non-linear decision boundaries. (e)
Magnified figure showing decision boundary in the intersection region of O2, SO2, and NH3.

6.6. Conclusion
In summary, using a single ZnO nanorod sensor, smart detection towards oxidative gases
NO2, SO2, and O2 has been realized through combining the impedance-metric and resistancemetric modes. In parallel with the measured electronic conductance via resistance-metric mode,
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the incorporation of impedance mode in the AC frequency regime characterizes the dielectric
property of nanorod sensor. Such diversified sensing behaviors revealed by the dual sensing
modes enable the single sensor to build signature-differentiated patterns for these oxidative
gases in combination of training-set establishment via a combination of PCA and ANN
processes. With the bimodular feedback of resistance and impedance responses, the oxidative
gas species and concentration could be detected with the assistance of training-sets defined by
the recognizable patterns of different gases. The species and concentration of tested analytes
beyond the training-set could be correctly recognized and estimated with a low error ratio. The
demonstration of the single nanorod sensor for differentiated multi-gas detection provide a new
smart sensing strategy with a simple multimodular sensing platform surrounding a single
sensing element, with robust implementation of multi-dataset establishment, processing, and
machine learning techniques.
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Chapter 7. NOx Gas Analysis through Single Bimodular ZnO
Nanowire Sensor
Nitric Oxides (NO and NO2) detection plays a significant role in controlling their mixture
(i.e., NOx) emission, which would affect human health and impose detrimental impacts on
ozone layer as well as global climatic change. Since the mixture of NO and NO2 can be brought
to equilibrium highly dependent on temperature or the surface they contact with, the detection
of NO and NO2 is a challenging task and it hasn’t been solved to date.

Specifically, NO and

NO2 would simultaneously boost responses to most chemical sensing materials while
coexisting in certain condition. In this work, a dual-modal sensing strategy was employed to
build a multi-facet and in situ measurement of NOx. The analyte adsorption and related charge
transfer are important guides for understanding the interaction of gas mixture and their coadsorption scenario in semiconductors. The composition of component gases could be
simultaneously estimated based on the electrical and electrochemical responses with an error
lower than 3%. Owing to the ease of deployment due to their small size and simplified
electrical feedthrough, the dual-mode gas sensor showcases a good potential as a portable
integrated sensing system for the analysis of gas mixtures such as NOx and SOx in the future.
Key words: NOx sensing, gas mixture, graphic approach, multiple mode sensing
7.1. Introduction
Anthropogenic activities have caused tremendous amount of toxic gas emission that has
significantly changed the atmospheric chemical composition historically. Among the various
emitted trace gases, NOx plays the critical role. Their natural concentration in most cases is
believed to be below 10-20 ppt (parts per trillion), whereas concentration over 2~10 ppm can
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now be found in industrial cities and cause direct risk to human health especially respiratory
system.

191

In practical application, monitoring of gas mixture is heavily relied on Gas

Chromatography (GC) or Fourier-transform Infrared Spectroscopy (FTIR). Nevertheless, the
detection approaches based on optical or Infrared (IR) spectra could offer excellent recognition
and quantification capabilities via determining the location and intensity characteristic peaks.
However, high energy cost and space consuming components such as GC columns and optical
pathways greatly limit their adoption in a more convenient and efficient system-on-chip (SoC)
deployment strategy.
Achieving on-board gaseous mixture quantification represents one of the major objectives
of current research in the sensor development. It has been proven extremely challenging due
to low selectivity and response to a wide range of gases while a severe cross-sensitivity limits
the quantification of the constituent gases.192-193 Owing to the tiny size and excellent power
efficiency, the solid-state sensors based on chemiresistors are ideal for in situ gas monitoring,
whereas the transducer signal could be transmitted via wireless system.194-196 To date,
numerous studies for on-bard sensing have been conducted to detect NO and NO2 separately.197
However, interestingly, few studies have been reported focusing on the analysis of a mixture
of NO and NO2. Most studies focus on detection of one of these analytes and evaluate the
selectivity to one of these gases against interfering analyte (s) with both in their pure form, or
the response contributed by interfering gas(es) could be neglected. Most chemical sensor
devices may respond strongly to NO2 independently, however, such a selective response
cannot be deemed as effective in selectivity. In that chemical sensor may reveal a different
response pattern to mixture as both of NO and NO2 contribute to the final response. Thus,
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measurement of NO and NO2 in NOx mixture is made quite difficult if a partial response is not
quantified in the NOx co-adsorption scenario.
To tackle on this challenge, a multi-modal sensing strategy is studied in this work to provide
multi-facet feedback of gas mixtures to avoid or reduce the cross-sensitivity and evaluate the
partial response of gas mixture. At present, a lot of efforts have been made on integrating
multiple devices forming sensor arrays or utilizing advanced massive data processing
technique198 to achieve simultaneous recognition of different analytes and precise
quantification.199 For instance, Zhang et al. reported a metal oxide (MOx)-graphene sensor
array towards in-door formaldehyde and ammonia mixture detection. The sensor array was
fabricated via one-step hydrothermal route and layer-by-layer (LbL) self-assembly technique.
The recognition and quantitative prediction of components in gas mixture is successfully
achieved via the combination of sensing feedbacks from MOx/graphene sensor arrays.200 Aside
from integration of basic sensor units, a linear-quadratic model was proposed by Madrolle et
al. for quantification of a gaseous mixture (i.e., acetone and ethanol) on the basis of single
metal oxide sensor. The MOx sensor was operated at two temperatures to provide distinct
sensing behavior towards the gas mixture. And then the linear-quadratic model was used to
evaluate the components in mixture.201 Nevertheless, an integrated sensor system requires
more complicated and advanced fabrication approaches, which limits its scalable
manufacturing and deployment. Besides the increased complexity of electrode configuration,
wiring, and feedthrough may drastically increase the risks of malfunction and shrink lifetime.
On the other hand, complicated data processing techniques may heavily rely on the computer
system and elongate the response time of a sensor device. As such, a multi-modal sensor
integrates the merits of sensor array and single mode sensor, where multi-facet sensing signals

117

in resistance and impedance response and others could be provided to evaluate the mixture on
the basis of much simpler and straightforward electrical wiring and feedthrough.159
ZnO has been extensively researched for gas sensor applications owing to their high
sensitivity, fast response, small size, cost effectiveness and low power consumption. Such
novel functions are attributed to their ultra-high surface reactivity, large surface to volume ratio
and small radius comparable to the Debye length.18, 202 The sensing mechanism is based on the
interactions between analytes and sensor surfaces, while real-time analytes compositions are
continuously revealed by the sensing signals feedback. Specifically, ZnO demonstrated
excellent linear correlation of sensing responses and analytes’ composition in a low
concentration detection range. Such sensors based on metal oxide nanostructures possess
lightweight, energy efficiency for long term operation, fabrication flexibility to be attached
onto various surfaces, and ease of integration into various systems. In addition to sole
conductance detected in most conventional sensors, impedance203-206, SAW207-208,
piezoelectricity209-211, optical properties212-213 could also be utilized to characterize the
interaction of gaseous analytes and semiconductors. Among these transducer modes,
impedance mode is operated in AC frequency domain and response is strictly dependent on
the bias frequency. An obvious merit in impedance mode is that it could share the same
physical electrodes with resistance mode resulting into a simplified electrical feedthrough
configuration.

Furthermore, impedance mode measured in alternating current (AC) could

endow the capabilities of quantifying the contribution from the bulk, surfaces or interfaces,
grain boundaries, electrode contacts, and even substrates.178 Thus, it is possible to analyze and
extract quantitatively some fundamental electrical properties of sensing materials such as
intergranular potential energy barrier height and width, and the donor/acceptor concentration
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with impedance-metric response.
In this work, we propose a novel approach for in situ quantification of gaseous mixture based
on dual modes of single metal oxide gas sensor. Using non-interactive NOx mixture as a typical
example, the integration of multiple sensing modes is proved well suited for reliable detection
and quantification of low concentration mixture of NOx. Rather than simply stacking different
devices together, the bimodular sensor device integrates the AC impedance signal and DC
resistance signal together extracted from a single ZnO nanowire array gas sensor. The dual
signals are obtained from the electrical resistance response and impedance response in
frequency domain. Such signals could reflect intrinsic properties of gas molecules and endow
the capability of target gaseous mixture recognition and quantification. The thin-layer

ZnO

nanowire arrays were harnessed as the sensing materials, on which the related co-adsorption
and competitive adsorption was studied in this work. Specifically, contribution of components
NO and NO2 to the mixture response could be theoretically quantified in both electrical and
impedance modes based on electron or adsorption site occupations, as validated in the
experimental cyclic gas tests. The theory predicting the material sensing behavior over the gas
mixture significantly facilitates the mixture database establishment without need in
tremendous amount of repetitive sensor calibration. With a given calibrated response of single
gas analyte, a simple graphical method could be employed for final analysis and calculation of
composition in gaseous mixture with less computation burden.

7.2. Experimental Section
7.2.1. Synthesis of Nanomaterials
The precursor Zinc Acetate Dihydrate (Zn (CH3COO)2·2H2O, 219.49 g·mol-1) and
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hexamethylenetetramine (HMT, 99%) were purchased from Fisher Scientific Inc. without
further purification. ZnO nanowire arrays synthesis was carried out via microwave-assisted
continuous flow hydrothermal synthesis (CFS) approach, which is divided into two major steps.
Firstly, 30-nm ZnO seed layer was deposited on the 1 cm × 2 cm substrate with doped
interdigitated electrodes via an RF magnetron sputtering system (Torr, Inc.). Afterwards, the
as-prepared seed layer was annealed at 350 °C for two hours to improve the crystallinity and
affinity. In the second step, the precursor solution was-prepared with equal-molar 12.5 mM
zinc acetate dihydrate and HMT and stirred with magnet bar for 30 minutes until the complete
dissolution. Then the substrate was vertically mounted and stabilized in the reaction beaker
and the reactor was heated with the microwave oven. The schematic of microwave-assisted
continuous flow synthesis method has been depicted in our previous work. The optimal
synthesis rate was achieved when the temperature was kept stable at approximate 92 °C. To
maintain the reagent’ concentration, two peristaltic pumps were used to generate a steady flow
in the solution circulation. The flow rate was set at 5 mL/min and the overall liquid level was
maintained at 2 cm above the substrate. SEM characterization was performed by a JEOL field
emission scanning electron microscope (FE-SEM) to characterize the composition, dimension,
and morphology of ZnO nanowire arrays.

7.2.2. In situ Diffuse Reflectance Infrared Fourier Spectroscopy (DRIFTS)
measurement
DRIFT spectra were recorded using NicoletTM iS50 FTIR Spectrometer equipped with a
Tungsten-Halogen white light source and an MCT detector with scanning wavenumbers
window between 400 and 4000 cm-1. Each spectrum was recorded at a resolution of 2 cm-1 and
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64 scans were averaged for sample spectrum leading to a time resolution of 24 s. In each
DRIFTS experimental section, 500 mg ZnO powder sample was placed in the sample holder
and reproducible reflecting planes were obtain by utilizing a filling device. Afterwards, the
samples were tested obeying following procedure: 1) pretreated in N2 flow (30 mL/min) at
300 °C for 2 h, and then cool down to room temperature in N2 flow. 2）Backgrounds in N2
flow were recorded at operating temperature (200 °C). 3) Target gas analytes (200 ppm NO
and 4 ppm NO2) were introduced until saturated state is achieved.
7.2.3. Gas mixture sensing test
The as synthesized ZnO nanowire arrays-based gas sensor was installed and stabilized on
one side of heat resistant alumina tube, through which platinum alloy wire connect the sensor
device and electrochemical analyzer. The NOx with constant flow rate (1000 sccm) was
injected into the test chamber by three computer-controlled mass flow controllers (MFCs). The
sensing feedback signal were recorded and analyzed by a CHI 6011 electrochemical analyzer
(CH Instruments Inc.). Electrical resistance was determined under 1V constant bias in
electrical mode. The scanning Nyquist plot of impedance was recorded in AC with frequency
ranges from 1 Hz to 1M Hz. And the dynamic impedance-time response was carried out under
constant frequency (100000 Hz).

7.2.4. Quantification of Gas mixture
The standard response versus analytes’ concentration was calibrated with “regression”
function offered by MATLAB R2018b.

The net responses of NOx in dual sensing modes

were calculated based on the calibrated results based on co-adsorption response functions and
plotted with “surf” function of MATLAB R2018b. The concentration of sub-components in

121

gas mixture is determined by the joint of projected functions of net response in electrical mode
and electrochemical mode.

7.3. Characterization of Sensor Device
As mentioned above, the dual-mode sensor device adopted in this work is based on single
detective ZnO nanostructure. As shown in the Figure 7-1, Au interdigitated electrode with a
width and space of 20 microns on the alumina substrate was employed to enhance the sensing
performance. the ZnO nanowire arrays were vertically grown on the substrate via microwave
assisted hydrothermal CFS approach.

Figure 7-1. Schematic and configuration of ZnO nanowire arrays gas sensor.
For the purpose of quantitatively differentiate gaseous mixture, as-prepared novel uniform
ZnO nanowires were harnessed as sensing materials and a group of non-interactive NOx (NO
and NO2) mixture is utilized as the example in our study. Figure 7-2(a) shows the measurement
setup where the sensor was mounted in the high temperature silica tube and the concentration.
The concentration and flow rate of analytes mixture were adjusted by the MFCs. Both of the
frequency dependent impedance and electrical resistance signals are separately collected from
the same sensor materials and electrodes. Thus, this configuration could effectively avoid
complex electrical contact and cross-talks between different types of sensing signals. It is worth
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pointing out that both of electrical and electrochemical signals can be electrically read out,
which offers great convenience and advantages in cost, energy consumption and ease of
deployment over other multimode sensors relying on optical, acoustic, and colorimetric
means.214-217 The ability of electrical readout eliminates the request of expensive optical
components and complex operation protocols, resulting in the good compatibility in wearable
or portable system.
The resistance-metric response towards NOx is characterized in Figures 7-2(b) and (c),
where the black line plots the typical IV response under N2 background. A weak Schottky
contacts between the electrode and sensing materials is depicted in IV curve due to the
difference in work function of n-type material (ZnO) and metal (Pt) electrode and therefore the
interface of metal-semiconductor showcases Schottky contact. After exposure to NO and NO2,
an obvious decrease in current is observed due to free electrons occupation and narrowed
conduction channel within the semiconductor. Such giant response is attributed to both of
electronic and chemical sensitization which have been well studied in previous work.131, 218-219
When applied alternating current, the whole sensor device could be considered as a typical
Randles circuit, which is depicted in the inset figure of Figure 7-2(d). R1 and C1 represent the
time-constant resistance and capacitance within the ZnO nanowire arrays, respectively. The
parallel elements (R2||C2) corresponds to the resistance and capacitance of gas dependent
interface, which is the major contribution to the impedance-metric response to NO2 depicted
as the big arc. The Warburg impedance resulted from the gas diffusion process is described as
Zw, which could be only observed at the low frequency region.
Thus, similar to the electrical resistance response in DC, reduced electron concentration may
lead to the decreasing capacitance. Figures 7-2(d) and (e) showcase the output response of a
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frequency sweep from 10-3-10-7 Hz in the form of Nyquist plot, where x and y axes represent
real and imaginary parts of impedance, respectively. It is clearly observed that the net
impedance response in a form of the integration of a series of semicircle arcs, which are
attributed to bulk ZnO, grain boundary/inter-grain effects, and electrode. Each semicircular arc
in the impedance spectrum has a characteristic maximum occurring at a unique frequency. Two
types of defects, extrinsic defects due to doping additives and intrinsic defects resulted from
interstitials and oxygen vacancies, lead to electron traps that influence the electrical properties
of ZnO. These traps may exist in the bulk but are usually more concentrated at the surface.
Thus, the response of gas dependent interface may become the major contribution in high
concentration detection scenario.

Figure 7-2. (a) Schematic configuration of test system set up. Both of RF and DC bias are
provided by electrochemical analyzer. The electrical and electrochemical signal feedbacks are
separately recorded by switching the detection modes in electrochemical analyzer. DC output
of the sensor device under exposure of (b) NO2 and (c) NO. The amplitude of applied voltage
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is 1 V. Nyquist plot of impedance response under AC bias towards (d) NO2 and (e) NO.
Scanning frequency ranges: 1H - 1M Hz, AC bias: 0.5 V.

7.4. Interaction of NOx in co-adsorption scenario
The interaction of NOx and ZnO is studied via in situ DRIFT spectra shown in the Figure
7-3, the ZnO powder is firstly pretreated in the N2 flow at 200 °C for 2 h and then exposed to
NO and NO2 balanced with N2. After exposure to 4.2 ppm NO2, the strong bands at ca. 1352,
1430, 1563, 1612 cm-1 are observed in the spectra (Figure 7-3(a)) and the intensity of the
bands increases rapidly with the reaction time. These major bands are attributed to adsorbed
NO2 (1626 cm-1) and various nitrate species, including bidentate nitrate (1352 cm-1),
monodentate nitrate (1430 cm-1),) and bridging nitrate (1563 cm-1). Generally, dissociative
molecular adsorption of NO2 may occur in the oxygen deficient sites, with one of oxygen atoms
filling the original oxygen vacancy. The initially adsorbed oxygen molecules may play a
critical role in NO2 interaction and stable nitrate species including monodentate nitrates,
bidentate nitrates, and bridging nitrates will be subsequently formed following the below
reaction:
𝑍𝑛𝑂(𝑉]∙∙ ) + 𝑁𝑂@POY + 𝑂@( → 𝑍𝑛𝑁𝑂=

7−1

For NO adsorption, as displayed in Figure 7-3(b), the major products via interaction of NOx
and ZnO are nitrites species located at strong and board bands (ca. 1215 and 1107 cm-1). And
its interaction mechanism is similar to that of NO2 as shown below:
𝑍𝑛𝑂(𝑉]∙∙ ) + 𝑁𝑂POY + 𝑂@( → 𝑍𝑛𝑁𝑂@

7−2

It is noted some nitrate species observed in NO2 spectra were formed due to oxidation of the
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nitrites by the pre-adsorbed oxygen species. It is worth pointing out that the intensity of peaks
representing nitrates are obvious compared to the major peaks of nitrites due to a relatively
low NO concentration. With enhanced NO concentration, the nitrite bands between 1090 cm-1
and 1230 cm-1 may become dominant over nitrate bands and such phenomenon was observed
in Boccuzzi’s work.220
In NOx gaseous mixture co-adsorption scenario (Figure 7-3(c)), the spectra of NOx mixture
could be considered as the integration of spectra from single gas component. No newly
generated species is observed, which indicates little mutual interaction between NO and NO2.
The nature of NOx co-adsorption is a competition for available adsorption sites and free
electrons, which could be neglected in low concentration detection scenario. Due to the
difference in sensing selectivity towards variable gaseous analytes, one or all of components
may be inhibited from adsorption or during the competitive co-adsorption. As indicated by
Sayago et al., competitive adsorption would occur when SnO2 sensor was exposed to ppmlevel CO and NOx simultaneously. Specifically, the adsorption of NOx is much faster than CO
and CO adsorption is therefore impeded in the mixture co-adsorption scenario.221 As such, the
operation window is limited to the low concentration range in our study to eliminate the
negative impacts resulted from adsorption competition.
a

1352 1430 15631626

b

1096 1208 1352 1430 15631626
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c

1096 1208 1352 1430 15631626

Figure 7-3. Time-resolved DRIFTS spectra for ZnO exposed in: (a) 4.2 ppm NO2, (b) 200
ppm NO, and (c) NOx (4.2 ppm NO2+200 ppm NO) for 0.2, 2, 4, 6, 8, 10, 12, 14, 16, 30 min
at 200 °C.

7.5. Quantification of NOx gaseous mixture
The basic mechanism of n-type metal oxide sensor is variation of free electron concentration
upon exposure to oxidative gas (es), which is revealed as change of conductance. The sensor
response is therefore considered as the ratio of free electron concentration with analytes
exposure to that without exposure. In the mixture co-adsorption scenario, the consumed
electron would equal to the sum of electrons used by all reactive components in the absence of
competitive adsorption. Assuming the component responses for NO and NO2 are
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒(𝑁𝑂) and 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒(𝑁𝑂@ ) respectively, where the response for each gas is
defined as ratio of resistance after exposure to target analyte to its initial value before exposure.
The net impedance could be derived as the following function:
𝑍 = 𝑅t +
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Where 𝜔 is angular frequency (𝜔 = 2𝜋𝑓). The total space charge Q (per unit area) in the ntype semiconductor ZnO is:222
𝑄(𝑉) = 𝑒𝑁O 𝜔 = Œ2𝑒𝑁O 𝜀gp 𝜀t (𝑉ŽN − 𝑉hMQ −

|• }
h

)

7−4

According to Mott-Schottky Equation, the capacitance (CSC) of space charge region in n-
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type semiconductor is given by CSC=|dQ/dV| (per unit area)223-225
1
2
𝑘𝑇
§𝑉ŽN − 𝑉hMQ − ©
@ =
𝑒
𝐶gp 𝜀gp 𝜀t 𝑒𝑁O

7−5

where 𝜀gp is the relative permittivity (dielectric constant), 𝜀t is the vacuum permittivity, e is
the charge of electron, Nd is the donor concentration, Vbi represents built-in voltage, Vext is
applied bias potential, k is the Boltzmann constant, and T is the temperature. Under constant
applied external potential and ambient temperature, the capacitance is linearly dependent on
square root of free electron concentration.
𝐶Y• ∝ ’𝑁O

7−6

The electrical conductance is linearly dependent on free electron concentration within the
semiconductor.
𝜎 = 𝑛h 𝑒𝜇h

7−7

In the low concentration NOx gas mixture detection scenario, the co-adsorption of NO and
NO2 may occur without competition. Assuming the component responses for NO and NO2 are
RNO and RNO2 respectively.
𝑅x] =

𝜎t
𝑛t
=
𝜎x] 𝑛x]

𝑅x]_ = •

•*

–—_

=R

R*
–—_

7−8
7−9

Where, σ0 is the initial conductance, σ NO and σ NO2 are the conductance after exposure of NO
and NO2 respectively. And n0 is the initial electron concentration while nNO and nNO2 are the
electron concentration after exposure of target analytes. In the NOx gas mixture co-adsorption
scenario, the remaining electron concentration is 𝑛x] + 𝑛x]@ − 𝑛t , Thus the response for the
mixture reads:
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𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒(𝑁𝑂M ) =

𝜎t
𝑛t
𝑛t
=
=
𝜎x]M 𝑛x]M 𝑛x] + 𝑛x]@ − 𝑛t

7 − 10

Thus, the response for gas mixture 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒(𝑁𝑂M ) of electrical mode could be written as
below:
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒(𝑁𝑂M ) =

1
1
1
+
−1
(
)
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑁𝑂
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒(𝑁𝑂@ )

7 − 11

The derived function for the resistance mode is then validated by low-concentration NOx
detection shown in the Figures 7-4(a) and (b). The gas mixture sensing test was carried out at
200 °C and target gas analytes were balanced in N2. The sensor device was firstly exposed to
single gaseous analyte and then exposed to gas mixture. The calculated curve was obtained
through the derived function and it is highly consistent with actual response curve. In the
previous reports174,
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, similar efforts have been made to differentiate and quantify the

contribution of component gases. The response of mixture was expressed as a simple
multiplication of response towards single gas analyte and such function were validated by
tremendous experimental tests. These empirical functions are also considered reasonable as
they are very close to our derived theoretic function based on competitive occupation electrons
theory in low-concentration analytes detection window. In comparison, the incorporation of
validated functions revealing the relationship of mixture response and components’ responses
could significantly alleviate our severe dependence on mass experimental tests and extracted
empirical equations and greatly simplify and facilitate establishment of database.
Similar as the resistance mode, another function is derived in AC impedance mode based on
competitive occupations of free electrons. In the high frequency region (f>104 Hz), the
imaginary part of impedance could be simplified as:
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As the response of imaginary impedance is defined as the ratio of final impedance to initial
one, the imaginary impedance response is given by:
𝑛t
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒(𝑍x] ") = Ô
𝑛x]
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As such, the response for gas mixture could be derived in the following function:
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The response for gas mixture could be therefore derived in the following function:
[𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒(𝑍x]M )]@ =
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𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒(𝑍x]@ )

7 − 16

The cyclic gas tests towards sample gas was carried out to verify the derived function as
depicted in Figures 7-4(c) and (d). Without the severe competitive adsorption, the free
electrons were generally occupied by adsorbed analytes freely and thus the theoretical timedependent response curve is highly consistent with that measured in experiment. The
significance of this experimental design is to utilize theoretical model to predict the actual
condition in non-competitive adsorption region and such effective correlation of theoretic
calculation and actual calibration would be helpful to building credible database characterizing
gas mixture response with less burden in computation and repetitive sensor tests.
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Figure 7-4. Validation of derived function characterizing gas mixture response in resistance
and impedance modes. Actual and theoretic resistance response curve under 1 V DC bias when
exposed in (a) 1 ppm NO + 340 ppb NO2, and (b) 1.996 ppm NO + 456 ppb NO2. Actual and
theoretic impedance response curve measure at 105 Hz under 0.05 V AC bias when exposed in
(c) 392 ppb NO2 + 1.996 ppm NO, and (d) 132 ppb NO2 + 672 ppb NO.

It is worth pointing out that such function only works well in the low concentration detection
scenario. When the sensor device is exposed relatively higher NOx (8 ppm NO+1.2 ppm NO2),
as indicated by the Figure 7-5, the actual response will quickly deviate from the theoretical
results shortly after the initial stage.
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Figure 7-5. Competitive adsorption in ppm level NOx detection: The calculated results are
depicted as dashed curves while solid curve represents actual response towards NOx. The
theoretic results are highly consistent with actual response in the initial stage. The deviation
become larger with more NOx injected due to the competitive adsorption.

A theoretical model has been established to analyze the occurrence of competitive
adsorption. Figure 7-6 demonstrates that severe competitive adsorption initiates when injected
NO and NO2 surpassed 0.02 mL and 0.002 mL. The concentration of electrons in n-type
semiconductor reads:
𝑛 = 𝑁• exp §

𝐸m − 𝐸•
©
𝑘7 𝑇

7 − 17

Where Nc is the effective density of states in the conduction band, Ec and Ef are the conduction
band energy level and the Fermi energy level. KB is Boltzmann constant and T is temperature.
For a metal oxide-based sensor with a size of 1 cm × 2 cm based on nanowire arrays of ~ 4 µm
length, the electrons in n-type ZnO nanowires is estimated to be around 5.32×1014 regardless
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of gaps between those nanowires. Severe competitive adsorption is observed upon the response
reached 1.4 which indicates severe competitive adsorption may occur when occupied electrons
reached 2.11×1014 (40% of total free electron population).

a

b
Calculated results
Actual results

Calculated results
Actual results

Figure 7-6. A schematic summarizing the response versus NOx injection volume in the (a) low
NOx injection scenario and (b) higher NOx injection amount. The competitive adsorption may
not occur in the initial stage. However, increased analytes may impede the adsorption of other
component and response of mixture may subsequently deviate from calculated value.
The measurement results shown in Figures 7-7(a) and (b) characterize the relationship of
resistance responses of ZnO nanowire array gas sensor at concentration ranges of 2.6 ppm ~ 8
ppm NO and 400 ppb ~ 900 ppb NO2 at 200 °C. In the low-concentration NOx detection region,
the response versus analytes’ concentration could be fitted into a linear function, where the
detailed parameter of fitted line is revealed in the inset table. Prior literature has suggested that
the variation of conductance of semiconducting metal oxide materials are nonlinear towards a
wide range of single gas analytes and it is dependent on the exponential of analytes’ partial
pressure.227-228 The competitive adsorption may also occur in detecting single gas analyte and
highly concentrated analyte would gradually impede interaction of target gas and
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semiconductors. But the good linearity still exists in low-concentration sensing scenario where
the impact of competitive adsorption is not significant. Another group of linear calibrated
functions was obtained in impedance mode as shown in Figures 7-7(c) and (d) where AC
impedance were measured under a constant high frequency of 105 Hz. Four equations were
given based on fitted linear function and final sensor response towards gaseous mixture could
be obtained based on Equations 7-12 and 7-16:
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒(𝑁𝑂) = 0.021𝑛x] + 1.064

7 − 18

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒(𝑁𝑂@ ) = 0.00107𝑛x]_ + 1.02495

7 − 19

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒(𝑍x] ) = 0.023𝑛x] + 1.0574

7 − 20

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒(𝑍x]@ ) = 0.00038𝑛x]_ + 1.00099

7 − 21

Where 𝑛x] is concentration of NO in ppm and 𝑛x]_ is concentration of NO2 in ppb,
respectively.
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Figure 7-7. Calibration of single gas analyte NO and NO2 in resistance and impedance modes.
Dynamic response and linear calibration of 400 ppb ~ 900 ppb NO2 in (a) resistance mode and
(b) impedance mode. Dynamic response and linear calibration of 2.6 ppm ~ 8 ppm NO in (c)
resistance mode and (d) impedance mode.

Detailed component composition (i.e. 𝑛x] and 𝑛x]_ ) in NOx gas mixture could be
quantified based on the measured electrical response and electrochemical response via a simple
automatic graphic approach. The calculated 3D response surface is plotted in Figures 7-8(a)
and (b) by MATLAB, where x axis represents NO concentration, y axis is NO2 concentration,
and z axis the mixture response. The 3D plot could be considered as the integration of
calibration functions of NO and NO2 via Equations 7-12 and 7-16. The absolute value of
response is labeled with different color and response-color scale bar is attached to the right of
figures. To demonstrate the feasibility of this graphic approach two example gaseous mixtures
(sample mixture I [NO] = 5 ppm, [NO2] = 200 ppb; sample mixture II [NO] = 5.2 ppm, [NO2]
= 470 ppb). The average resistance and impedance responses of ZnO are 1.55, 1.32 towards
sample mixture I and 1.97, 1.52 towards sample mixture II, respectively. Figures 7-8(c) and
(d) depict the projected response curves on the x-y plane, and detailed concentrations of NO
and NO2 could be estimated by determining joint of two projected response curves. The
calculated concentration for NO and NO2 sample mixture I is 4.792 ppm, 208 ppb and 5.63
ppm, 445 ppb, respectively; and the data point representing the real concentration of NOx is
attached in the figure as well, indicating 4.16% error for NO and 4% error for NO2 in mixture
I and 8.27% error for NO and 5.32% error for NO2 in mixture II, respectively. In addition, the
detection towards one unknown specific component, the species and concentration single gas
analyte could also be recognized and quantified based on obtained data-set. In the absence of
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the other component, the joint may approach to either x or y axis as depicted in Figures 7-8(e)
and (f). These errors are mainly resulted from instability of sensor materials, fluctuation of
feedback signal, deviation in fitted function, and weak competitive adsorption between NO
and NO2.

Figure 7-8. Quantification of gaseous mixture by automatic graphic approach: Summarizing
response towards NOx mixture in (a) resistance mode and (b) impedance mode. Calculation of
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concentration of NO and NO2 in sample (c) mixture I and (d) mixture II. Recognition and
quantification of (e) NO2 and (f) towards single unknown gas analyte detection through the
obtained database and graphic approach.

7.6. Conclusion

In summary, an effective strategy for quantifying gaseous mixture at the low concentration
range is proposed in this work, where operating concentration window is shrunk to eliminate
the cross-talk effect brought by competitive adsorption. Specifically, the innovative integration
and correlation of multiple sensing modes could effectively avoid cross-sensitivity and
significantly optimize and simplify sensor electrode configuration compared with sensor array.
Based on the occupations of electrons in gas mixture co-adsorption, the partial contribution of
components could be quantified and such theory is validated by experimental tests. A group of
non-interactive NOx mixture is utilized as an example to reveal the feasibility of integration of
dual sensing modes for binary gaseous mixture detection. The validated functions defining the
mixture response versus components concentration relieve our heavily relying on empirical
equations and reduce the errors. Using MATLAB, an automatic and precise quantification
of gas mixture with single one sensor device is subsequently achieved in NOx detection with
less burden on computation and repetitive calibrations than that needed in the traditional sensor
technologies.
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Chapter 8. Summary and Outlook
8.1. Summary
Owing to the well-organized structure, tunable sensing properties, and ultrahigh surface
specific area, various metal oxide nanostructure-based gas sensors have been developed as one
of the most significant strategies for gas detection and monitoring in the past few decades. At
present, the foci of metal oxide sensor research are mainly geared toward achieving excellent
sensitivity, high selectivity, and long-term stability in the devices. To tackle on the challenges
of differentiating multiple gaseous analytes and quantifying the gas mixture composition, a
multiple mode gas sensor was successfully designed and developed on the basis of ZnO
nanostructure in this dissertation work. For manufacturing ZnO nanostructure in a large scale
with low cost, the microwave irradiation was introduced to provide a uniform heating platform
for facilitating the growth of ZnO nanowire arrays on Si based substrates. To enhance the
sensitivity towards single gas analyte, trace amount of Au or Fe2O3 nanoparticles were
employed to sensitize the ZnO sensor. By rational designing the hierarchical structure
comprising nanoparticle sensitizer and ZnO nanowire arrays, the synergistic effect was
achieved and interpreted in improved sensitivity and thermal stability. Besides, using a series
of characterization methods, the surface interaction of gas analytes and metal oxide has been
studied. Furthermore, the electrochemical impedance mode was incorporated into single sensor
device to build unique signatures for different analytes besides the electrical resistance mode.
Unlike the single mode gas sensors, the multiple mode sensor device could effectively avoid
or reduce the cross-talk. In addition, we proposed a self-coded artificial neural network
training-set to facilitate the data processing, in which the decision boundaries were
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automatically built to differentiate different gaseous analytes. Finally, we demonstrated the
application of multi-mode gas sensor in quantification of gaseous mixture such as NOx. In low
concentration NOx co-adsorption scenario, the partial response of NO and NO2 could be
quantified in both sensing modes and the component gas concentration could be therefore
calculated based on the response of dual sensing modes.
Specifically, in Chapter 1, we briefly introduce the typical configuration of solid-state gas
sensors for toxic gas detection. Various significant indicators are demonstrated for evaluating
sensing performance. Based on the type of feedback signals, different gas sensors are
introduced on the basis of sensing modes including their design, structure, and operating
mechanism. Besides, a major challenge exists on the analysis of multiple gaseous analytes or
gaseous mixture. Especially the cross-talks due to the cross-sensitivities caused by interfering
gases would always exist in practical application. Thus, we propose an innovative sensor
design of incorporation of multiple sensing modes in a single sensor platform. Aside from the
enhanced selectivity, such a design greatly simplifies the device structure and electrical
wiring/feedthrough design in comparison with the traditional sensor arrays.
In Chapter 2, the detailed ZnO nanostructure preparation strategies and the major
characterization and evaluations utilized in this dissertation work are introduced. Besides, the
basic principles and operating mechanism of variant electron microscopy and spectroscopybased characterization techniques are discussed accordingly.
In Chapter 3, the detailed procedures of the synthesis of ZnO nanorod arrays are described
in this section including the substrate preparation, pre-seeding, microwave assisted
hydrothermal synthesis, and catalytic nanoparticles loading. The resulting microstructures or
morphologies of as-prepared samples are studied using SEM and TEM characterization and
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analyses. In addition, we study the effect of precursor solution on the final structures of as
grown ZnO nanorod arrays.
When ZnO nanorod array is applied as gas sensor, single gas analyte detection is
demonstrated and described in Chapter 4 with enhanced sensitivity through Au nanoparticle
sensitizing. Besides, the Raman spectroscopy and DRIFTS were employed to study the
interaction of NO2 and ZnO nanorods. In addition, in situ TEM and EELS were utilized to
reveal the etching effect of adsorbed NO2 and resultant craters. However, we still observed the
sensitivity decay at high temperature region due the thermal instability of Au nanoparticles.
To mitigate the Au nanoparticles’ migration at high temperature, in Chapter 5, Fe2O3
nanoparticles were introduced as the support of Au nanoparticles forming the hybrid
nanoparticles. A synergistic effect of hybrid nanoparticles was achieved on both of enhanced
sensitivity and improved thermal stability. Such a synergistic effect is resulted from the
facilitated charge carrier transfer between Au/Fe2O3 and Fe2O3/ZnO interfaces.
In Chapter 6, we incorporated impedance mode with conventional resistance mode to a
single nanowire array sensor device to avoid the cross-sensitivities. In comparison to
traditional resistance mode, impedance is operated in AC frequency domain and it could reflect
the intrinsic information such as dielectric properties variation. Furthermore, we utilized PCA
and artificial neural intelligence to process the obtained raw data. Using self-coded program,
the linear and non-linear decision boundaries were established to differentiate different gas
analytes based on the data points’ locations.
In Chapter 7, the dual sensing modes were applied to quantify the gas mixture such as NOx.
The incorporation of impedance mode provides a multiple-facet characterization towards NOx.
We applied the DRIFTS to investigate the co-adsorption of NO and NO2 on ZnO and no
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interaction between NO and NO2 was observed during adsorption. Thus, the partial response
towards components in mixture could be quantified, on the basis of reduction in charge carriers.
Finally, a facile graphic method was harnessed to estimate the concentration of NO and NO2
based on the impedance response and resistance response via MATLAB.
8.2. Outlook
To tackle on the major challenges in solid-state gas sensor development, we proposed an
effective strategy of correlating dual sensing modes for multiple gas detection in Chapters 6
and 7. In addition to the conventional resistance mode, we demonstrated the feasibility of
impedance mode in gas detection. In addition to impedance and resistance mode, many more
sensing modes have been developed and proven to be efficient tools to help differentiate and
reveal the gas compositions of interest. Aside from incorporation of dual sensing modes
presented in this dissertation, in future development, integration of three or more modes would
be theoretically and practically feasible to build multi-facet database for different gaseous
analytes. Apart from concentration and species information, other parameters including flow
rate, pressure, and temperature could be extracted as well. Thus, both physical and chemical
sensors can be implemented for a versatile sensor system with multimode and abilities for
detecting and measuring a wide array of chemical and physical parameters.
Considering the data processing, conventional single mode sensors only provide resistance
variation which is dependent on the target gas analyte concentration. The obtained data-set
possesses small size and the calibration function could be derived via simple linear regression.
With other sensing modes incorporated, the database characterizing multiple gases would grow
dramatically in size and dimension, therefore more advanced data processing techniques are
required to transfer the raw data into computer readable signal or humankind-friendly graphic
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information. In practical applications, the detection and monitoring of toxic gas and
maintaining environmental and energy security are continuous work toward either alarm
functions or process indications, while the feedback needs to be communicated to central
control modules. Such repeated work could be only be processed and operated by computer.
Thus, the automatic software based on advanced artificial neural network is required for
massive data processing as well in the near future.
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